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Abstract
Carrageenan is an anionic, water soluble biopolymer which is well known for its gelforming capabilities. To date it has been mainly employed in the food processing
industry and for medical applications. This project aimed to assess its ability to form
composite materials with conducting fillers such as carbon nanotubes (CNTs) and
conducting polymers (CPs).

As a result of the research conducted for this thesis, the biopolymer carrageenan was
found to act as an excellent dispersant of CNTs and as a dopant during the
polymerisation of CPs such as polyaniline (PANi) and polypyrrole (PPy). In addition,
carrageenan was shown to have the appropriate flow properties to act as a thickener for
the controlled dispensing of carbon nanotube networks. Four wet-processing methods
were used to fabricate the composite dispersion into films: evaporative casting, vacuum
filtration, inkjet printing and extrusion printing. Rheological studies indicate that 0.8%
w/v and 0.5% w/v were the appropriate ι-carrageenan (IC) and κ-carrageenan (KC)
concentrations, respectively, for dispersing CNTs. Multi-walled nanotubes (MWNTs)
required less sonic energy (0.96 kJ/mg) than single-walled nanotubes (SWNTs) (1.68
kJ/mg) to complete the dispersion process.

The synthesis method, dopant type and dialysis treatment used affect the properties of
the obtained PANi-carrageenan and PPy-carrageenan composite films. Incorporation of
MWNTs results in a change in surface morphology, increase in conductivity and
reinforcement of films at a cost in ductility. Inclusion of MWNTs also improves thermal
stability of the composite film relative to those without MWNTs.
iii

It was demonstrated that the contact angle which is used to compare the properties of
films prepared by vacuum filtration with those prepared by evaporative casting, is
proportional to the CNT mass and volume fraction. The electrical conductivity for
MWNT films prepared by the evaporative cast method was higher than that of SWNT
films at similar CNT mass and volume fractions. The opposite trend was recorded for
the vacuum filtration method. Composite films prepared by evaporative casting were
stiffer and more flexible than those prepared by vacuum filtration. Varying either the
absolute amount of CNTs or IC while keeping the other value constant resulted in
different physical properties. It was shown that the electrical properties are governed by
the relative amounts of mass of CNTs and biopolymer while the mechanical properties
are determined by absolute amounts of mass. The addition of plasticiser (glycerin)
improved the mechanical handle-ability, but at a cost in electrical conductivity.

Conducting MWNT tracks were produced by inkjet and extrusion printing using IC and
a Newtonian fluid, glycerin (G), as dispersants. The conductivity values of extruded GMWNT tracks was two-orders of magnitude higher compared to that for IC-MWNT
printed tracks. It was found that the substrate nature played an important role in the
width and cross-sectional area of the printed tracks. Solid substrates (glass) resulted in a
larger width and cross sectional area compared to the narrower but higher tracks printed
onto absorbing IC films.
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1 Chapter 1
INTRODUCTION

1 INTRODUCTION
1.1. Electrically conducting materials
Electrically conducting materials are those in which an electrical charge may move
freely. These materials can be found everywhere from the human body to electrical
devices.

1.1.1. Background
The study of electrical conduction and electromagnetism in general has a long and rich
history. As long ago as 2750 B.C., ancient civilizations documented their knowledge of
fish with the ability to conduct electricity; the ancient Egyptians referred this fish as the
"Thunderer of the Nile" [1, 2]. In 600 B.C., the ancient Greek civilizations discovered
that amber could hold a static charge; they found that by rubbing a rod of amber against
cat‟s fur, the amber had the ability to attract light objects such as feathers [3, 4]. We
now know that this phenomenon can be explained by static electricity. Bioelectricity
was first explained in 1791 by Luigi Galvani who demonstrated that electricity was the
medium by which nerve cells passed signals to the muscles [5]. This is an example of
naturally occurring non-metallic conducting materials. In 1800, Allessandro Volta made
the first battery which consisted of alternating layers of zinc and copper [5]. However,
the “Baghdad battery” which consisted of a simple iron rod in a copper shell (using an
electrolyte such as vinegar) was thought to have been made as early as 250 B.C [6]. In
the early 19th century, electromagnetism was explained by Ampère and Faraday, who
developed the first electric motor. Throughout the 19th and 20th centuries, vast
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improvements were made in the world of metal-based electronics due to advances made
by people such as Nikola Tesla, Thomas Edison, Alexander Graham Bell and Lord
Kelvin [7, 8]. In the early 20th century, conducting polymers were first classified
depending on their oxidation states and used industrially [9]. Since then, many nonmetallic conductors have been developed or discovered, including the carbon nanotubes
in 1990 by Iijima [10]. Many of these non-metallic conductors, such as carbon
nanotubes exhibit better electrical and mechanical properties compared to their metallic
counterparts and hence are now found in devices, i.e. scanning probe tips, where
formerly only metals were used.

1.1.2. Conductivity mechanism
The mechanism of electrical conductivity, in general, can be carried by electrons, or
through ionic transport. In the case of metallic conductors and semi-conductors,
electrons act as charge carriers, while in case of ionic compounds such as sodium
chloride, the conduction role is played by ions. Electronic transport depends on factors
such as atomic bond strength and lattice imperfections, while ion transport is governed
by ion diffusion rates [11]. Figure 1.1 shows this transport mechanism for three classes
of conductors: metals, semi-conductors and ionic compounds. Metallic conductors have
a “sea” of free electrons, one associated with affect this conductivity such as
temperature and type of metal [11, 12]. Semi-conductors have a band gap in their
density of states and hence, can alternate between insulating and conducting depending
on the input voltage. Ionic conductivity (in the solid state) is the movement of an ion
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from one site to another in the crystal lattice; it is dependent upon the concentration and
presence of defects [13].

Figure 1.1: The mechanism of electrical conductivity. (a) Valence electrons in metals flow
easily, hence metals are good conductors (b) Covalent bonds are disrupted in semi-conductors,
hence they are poorer conductors (c) Ion diffusion is the charge carrying mechanism for ionic
compounds [11].

1.1.3. Classification of electrically conducting materials
Conducting materials can be roughly divided into five types: metallic, ceramic,
semiconducting, polymeric and composite [14, 15]. Each of these electrical conductors
has different structures and exhibits different electrical characteristics. This makes them
useful for a wide range of applications such as electrically conducting wire, optical
fibers for information technology, transistors, drug delivery and aircraft components
[14]. Metals such as silver, gold and copper have good electrical and thermal
conductivity [14, 16]. Although pure metals are occasionally used, mixtures of metals
called alloys are more common as they allow for selective improvement of properties.
One example of an alloy is steel which is made by combining iron, carbon and other
elements [15]. Compared to metals, ceramics such as barium titanate (BaTiO3) or lead
zirconium titanate (known as PZT) conduct less electricity due to the formation of
ionic-covalent bonds; many ceramics are also dielectrics. Transitional metal oxide
ceramics such as zinc oxide play an important role in the study of low temperature
4
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superconductivity. Semiconductors such as silicon and germanium are used in
computers and electronic devices. Semiconducting materials have an electrical
conductivity somewhere between that of a ceramic and a metallic conductor. In
semiconductors, the level of conductivity can be controlled through positive and
negative doping in order to enable electronic devices such as transistors or diodes [14].

A wide variety of conducting polymers have been discovered, and they can be classified
into electron, proton and ion conducting polymers. The former can be divided further
into two groups based on electron transport: redox polymers and electronically
conducting polymers [17-19]. These materials will be described later in section 1.2.

Another important category of conductors is composite materials. Composite are
defined as substances produced by combining materials that have different properties
such as, polymers and carbon nanotubes (CNTs) or epoxy and graphite. They can be
metallic based, ceramic based or polymeric based [15]. Additionally, there are a number
of ways to fabricate composite materials to produces layers, fibers, films and particles.
Composite materials which are composed of high surface-area inorganic structures such
as CNTs and a polymeric matrix are now an active field of research [20-27].

1.1.4. Processing of conducting composite materials
Different processing methods have been employed to fabricate various forms of
composite materials such as free-standing films, fibres, buckypapers and printed
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patterns. Commonly used methods for preparing these composite materials include:
solution processing, melt mixing and in-situ polymerisation process [28-30].
1.1.4.1. Composites by solution processing
Solution processing is a commonly used method for preparing CNT composite
materials in both organic solvents and water [31-33]. In general this method requires the
nanotubes to be efficiently dispersed in a solvent that can dissolve the polymer. Then
both components are mixed by magnetic/mechanical stirring or sonication [29, 30, 34].
Different types of solution processing have been used to produce composite materials
including: evaporative casting, vacuum filtration, fibre spinning and printing. These
processing methods involve the two basic steps: dispersion of CNTs, followed by
removal of solvent or dispersant (Figure 1.2).

Figure 1.2: Flowchart representing the steps of solution processing for preparing CNT
composites.
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Evaporative casting
In the evaporative casting method, the CNTs are dispersed in a solvent with or without
the aid of dispersants such as polymers, biopolymers and surfactants. The dispersion is
then transferred into a mould and the solvent is evaporated in a controlled manner,
forming a composite film (Figure 1.3) [35-38]. These films may be either free-standing
or attached to the substrate onto which they are cast. There are numerous examples in
the literature related to the preparation of polymer-CNT composite films and their
properties [22, 39, 40]. The mechanical and electrical characteristics of these materials
are generally dependent on the CNT:dispersant ratio, i.e. increasing the nanotube
concentration usually increases the electrical conductivity and also results in mechanical
reinforcement [22, 39].

Figure 1.3: Schematic representation of the evaporative casting process in order to form freestanding composite film.

Vacuum filtration
The vacuum filtration method is one of the most simple processes for the fabrication of
ultrathin, homogeneous, electrically conducting films composed of densely packed CNT
networks [41, 42]. These films are called “buckypapers” and can be defined as: an
entangled network of CNTs held together by van der Waals interactions at the CNTCNT junctions and are arranged in a pseudo 2-dimensional structure [43]. This process
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is quite simple and has four steps: preparation of the CNT dispersion, vacuum filtering
the dispersion through a filtration membrane which forms a homogeneous film on the
membrane, washing the product with purified water and methanol and drying in the
oven to allow the films to be peeled off the filtration membrane (Figure 1.4) [41, 44].

The vacuum filtration method has several advantages: (i) homogeneity as a result of
flow dynamics; (ii) maximum overlap with other nanotubes as they accumulate due to
the strong vacuum, which causes the nanotubes to flatten and straighten out; and (iii)
thickness control of the film by adjusting the concentration of nanotubes and volume of
the dispersion filtered [41]. This method results in a maximised electrical conductivity
and mechanical integrity throughout the CNT film.

It has been demonstrated that buckypaper film properties are affected by changing the
conditions employed during preparation as well as the type of dispersant [42, 45]. For
example, the in-plane Poisson‟s ratio of buckypapers could be tuned by combining
single walled carbon nanotubes (SWNTs) with multi walled carbon nanotubes
(MWNTs) [46]. Changing the lengths of MWNTs used to manufacture buckypapers has
a significant effect on the diameter of the pores present in the final material [42]. In
addition, changing the sonication time, final dispersion volume or membrane filter used
all affected the mechanical properties and surface morphology of SWNT buckypapers
[45]. Furthermore, it has been established that electrical conductivity of buckypapers
and mechanical characteristics decreases with increasing molecular mass of dispersant
[45]. The electrical properties combined with their flexible nature makes carbon
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nanotube buckypaper ideal for a number of potential applications such as solar cells,
displays, touch screens, sensors, electronic paper, supercapacitors and batteries [47-50].

Figure 1.4: Schematic for the preparation of buckypaper films by using the vacuum filtration
method [44].

Fibre Spinning
Spinning is the manufacturing process used for preparing composite fibres. This is
performed using a spinneret, which is fed by an extrusion process, to eject a thin
continuous fibre. Different spinning techniques exist; these include (but are not limited
to) melt spinning, electro-spinning and solution spinning [51, 52].

A common method used to produce composite fibres containing conducting fillers,
polymers and thermoplastic polymers is wet-spinning [53-60]. Wet-spinning involves
injecting a composite solution into a liquid or coagulation bath containing a low
molecular weight solvent that does not dissolve the components composite (Figure
1.5a). Due to the exchange of solvent and non-solvent in the coagulation bath, a solid
gel fiber is formed. This solid gel fiber is stretched and dried by passing it over spinning
9
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rollers [61]. Previously, it has been shown that, by adding a small quantity of CNTs, a
successful reinforcement of the properties of the polymer fibres was achieved [61]. In
another study, biopolymers (gellan gum and chitosan) were used in a wet-spinning
technique where one biopolymer was used as CNT dispersant and the other as a
coagulant medium for continuously spun fibres (Figure1.5 b and c). This is known as
polyelectrolytic complexation, as gellan gum and chitosan are oppositely charged
biopolymers [56].

Figure 1.5: (a) Schematic illustration of the set-up to form fibers using the wet-spinning
process. (b and c) Optical and scanning electron microscopy images, respectively, of gellan
gum-CNT composite fibers [56].

Printing
Printing can be defined as the deposition of a material (ink) onto a substrate in order to
produce a desired structure. In the previously described processing methods
(evaporative casting, vacuum filtration, and fibre spinning) composite materials are
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prepared in film and fibre forms. There are two main printing methods for fabrication of
composite materials in patterns form: inkjet and extrusion printing [62-65].

Inkjet printing is a commonly used industrial printing method due to advantages such
as: precise and controlled pattern generation, solution saving effects, non-contact
injection, high reproducibility and scalability [66, 67]. This method also allows for
printing of various materials onto both rigid and flexible substrates [64, 68]. The ink
consists of a solute, such as CNTs, dispersed in a solvent, such as a biopolymer, and is
jetted from a nozzle by deflection of piezo-electric materials (Figure 1.6). This method
usually requires low viscous inks and filtration of the ink prior to the jetting to prevent
nozzle clogging [69, 70]. It has been demonstrated as a method for printing bioscaffolds and cells [71, 72]. Other applications of inkjet printing include components
for drug screening and biosensors [73, 74]. Furthermore, it has a potential use in
regenerative medicine and tissue engineering [75-77].

Different conducting materials such as polymers and CNTs have been successfully
printed using inkjet printing. For example, it has been reported that by inkjet printing
SWNTs and MWNTs with conductive polymers onto flexible substrates by using a
piezoelectric inkjet printer, sheet resistances as low as 225 Ω/□ were obtained [62].
Another study showed that, inkjet printed patterns of SWNTs stabilised with poly (2methoxyaniline-5-sulfonic acid) (PMAS) onto polyethylene terephthalate sheets
displayed a sheet resistance of 100 kΩ/□ and optical transparency of 85%, as well as
sensitivity to alcohol vapours under static and flow conditions [78].
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Extrusion printing is a process that involves pushing (using constant pressure) the inks
through a small nozzle onto a moving substrate [64, 79]. Compared to inkjet printing,
extrusion printing can reliably deposit large volumes through cheap and replaceable
parts to create patterns (Figure 1.6) [80]. This method can also be applied to
manufacture three dimensional structures and to embed material into substrates [64, 81].
However, extrusion printing is slower, has poorer resolution and scalability compared to
the inkjet process. Unlike inkjet printing, extrusion printing allows for the patterning of
high viscosity inks [64]. Very careful control of the flow properties, surface tension and
wettability of the inks is required in order to successfully produce a high quality
extruded material [82].

In recent studies it has been shown that both inkjet and extrusion printing methods can
be used to prepare conducting tracks by depositing a conducting polymer, poly(3,4ethylendedioxythiophene)/poly(sodium 4-styrene-sulfonate) (PEDOT/PSS), onto a
chitosan biopolymer substrate [64]. In that work, a highly viscous paste was used for the
syringe extrusion method, and a more aqueous solution was used for inkjet printing.
Using extrusion printing, the authors prepared embedded tracks, for potential
application as electrodes, by inserting the extruding needle under the surface of the
biopolymer solution. The authors reported a higher conductivity for the extruded
patterns compared to the inkjet printed ones, due to the greater amount of deposited
conducting inks.

Another study found that gellan gum is a good rheological modifier for MWNT inks
[65, 83]. It was found that, a single layer of ink printed onto a flexible substrate
12

1 Introduction
exhibited resistance values of 7–8 kΩ/cm, the value of which was reduced by increasing
the number of printed layers.

Figure 1.6: Schematic illustration of inkjet and extrusion printing methods including inkjet
[78] and extrusion printed tracks.

1.1.4.2. Composites by melt processing
Instead of using a solvent, the polymer substrate can also be melted and then intermixed
with CNTs using different techniques such as shearing, extrusion or ultrasound. This
process is known as melt processing (Figure 1.7) [29, 30]. The advantages of melt
processing are that it is simple, absence of solvent requirement and ability be used as an
industrial process to incorporate CNTs into thermoplastic polymers such as
polypropylene. This method uses elevated temperatures together with applied shear
forces to form the polymer-CNT composites, and requires equipment such as extruders
and injection devices that are designed to withstand these conditions [29, 30]. While this
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method can also be used to generate composite fibres, the composites prepared through
this fabrication route usually have a low CNT filler content [33].

Figure 1.7: Flowchart presenting the steps of the melt processing.

A previous study reported polycarbonate-CNT composites prepared by melt processing
[84]. It was found that, by controlling the mixing condition, an electrical percolation
threshold of about 1 wt% was obtained [84]. Other studies showed that, a three-fold
increase in the modulus and strength for polyamide containing 2 wt% MWNTs
compared to the pure matrix [85].

1.1.4.3. Composites by in-situ polymerisation process
In-situ polymerisation is employed in order to uniformly disperse the conducting filler,
while retaining the aspect ratio and improve the bonding between the filler and the
polymer matrix. It is a particularly useful method for preparing polymers that cannot be
produced by solution (insoluble polymer) and melt mixing (thermal unstable polymer)
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[30]. In this method, the monomer is used rather than the polymer as a starting material.
The monomer and CNTs are dispersed in a solvent allowing for the CNTs to act as a
template for the polymer‟s growth. The mixture is then sonicated and stirred to allow
for growth. These composite structures subsequently isolated from the solution by
filtration or evaporation (Figure 1.8) [21, 86].

Figure 1.8: Flowchart presenting the steps of the in-situ polymerisation processing.

In-situ polymerisation allows the preparation of composites with high nanotube weight
fraction, which can be diluted by other techniques (Figure 1.9a and b) [29]. Composite
materials produced by this method are more conductive. This may be because there is
an increased interaction between the polymer and the nanotubes. It may also be due to
the fact that the product has a more favourable morphology. A number of polymerCNTs composites have been prepared using in-situ polymerisation including
polyaniline-MWNT [21], polystyrene-MWNT [87], polyimide-SWNT [88] and
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polypyrrole-MWNT [24]. In addition, epoxy-CNT [89] and polycarbonate-carbon
nanofibre [90] composites have been prepared using this method .

Figure 1.9: Scanning (a) and transmission (b) electron microscopy images of polyanilineMWNT composites prepared by in-situ polymerisation processing [91].

1.2. Conducting polymers
1.2.1. Background
In 1977, Alan Heeger, Alan MacDiarmid and Hideki Shirakawa performed studies that
led them to discover that polyacetylene films exhibited an increase in electrical
conductivity when exposed to halogen vapours. They found that, acetylene monomer
doped with bromine or iodine vapour produced conjugated conducting polyacetylene
films (Figure 1.10) with a 10 million-fold increased in electrical conductivity compared
to undoped monomers [92, 93]. In 2000, these three brilliant scientists were jointly
awarded the Nobel Prize in Chemistry for the discovery of conducting polymers [19, 94,
95]. Following this, a tremendous amount of research papers dealing with
polyconjugated system has been published [96].
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Examples of conjugated conducting polymers include, polyaniline (PANi), polypyrrole
(PPy) and polythiophene (PTh) (Figure 1.10) [18, 97]. Conducting polymers (CPs) are
organic materials that can display properties which were previously only thought to
exist for metals, such as optical, magnetic and electrical properties [18, 19, 98].

Figure 1.10: Chemical structure for common conducting polymer in their neutral undoped
form; n indicates the number of repeat units.

1.2.2. Conductivity and doping of conducting polymers
CPs consist of the polymer backbone with alternating single and double bonds which
create a highly delocalized π-electron system and hence it is called a „conjugated
polymer‟ [96]. High energy occupied and low energy unoccupied molecular orbitals are
generated by the π-conjugation of the polymer chain. This leads to a system that can be
readily oxidized or reduced. CPs are intrinsic in nature, i.e. the electronic conductivity is
caused by the particular molecular structure which enables electric charge mobility
without any added conducting materials (i.e. metals, graphite). However, in their neutral
state, these polymers are insulators. The introduction of electron acceptors/donors by a
process known as „doping‟ causes them to revert to the conducting state [94, 95].

17

1 Introduction
Electrical conductivity is a measure of charge conduction and thus a measure of the
ability of a material to allow the flow of current. All materials can be divided into three
main groups according to their conductivity values: metals or conductors (greater than
103 S/cm), insulators (less than 10-8 S/cm) and semiconductors (between 10-8 and 103
S/cm) (Figure 1.11) [96, 97].

Figure 1.11: Conductivity comparison between conductive polymers and other materials
(Adapted from [94]).

As CPs can be switched between conducting and insulating states, they are classified as
semiconductors. Since CPs are semi-conducting materials, there is a band gap in their
density of states, i.e. a gap between valance band and conducting band. The smaller the
band gap energy for a CP, the more conductive it is considered to be. Doping causes

removal of a charge from the valance band, which generates a radical cation whose
energy lies in the band gap. Formation of the polaron is associated with the distortion of
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the structure and the presence of two localized electronic states in the gap. Formation of
a polaron leads to the possibility of three new optical transitions [17] (Figure 1.12). A
bipolaron is formed when a second electron is removed from the system which is also
associated with structural deformation and the two charges are not independent but act
as a pair [17].

Figure 1.12: Illustration of energy levels and allowed transition of polarons and biopolarons.
VB and CB represent the valence and conduction bands respectively.

This semi-conductor classification indicates that the mobility of charge carriers in
conducting polymers is relatively low. This is due to the low degree of crystallinity and
the presence of many other defects. Hence, the mobility of charge carriers must be
improved if higher electrical conductivities are to be achieved in conducting polymers.
The charge mobility in conducting polymers depends on two components: intra-chain
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and inter-chain mobilities; which corresponds to charge transfer along the polymer
chain and between neighbouring chains, respectively [99].

Doping is the process of oxidising or reducing a neutral polymer and providing a
counter anion (n-doping) or cation (p-doping), respectively, (i.e. a dopant) [94, 96, 97].
Anions and cations act as charge carriers, hopping from one side to another under
influence of an electrical field, thus increasing conductivity [96]. These charge carriers
are in the form of charged polarons (radical ions) or bipolarons (di-cations or di-anions)
[97].

There are many factors which influence the band gap and thus the electrical
conductivity of CPs, including the type of dopant, oxidation level/doping percentage,
synthesis method and temperature [19, 100, 101]. The nature and size of the dopant
affects the surface and bulk structural properties and the electroactivity [97, 102]. Small
and large dopants can modulate electrical conductivities and surface structural
properties [103, 104]. Larger dopants, such as high molecular weight hyaluronic acid
(HA) and polystyrene sulfonate (PSS) are physically trapped and thus more
permanently integrated in the CP structure [105, 106]. In addition, these large molecules
do not easily leach out under normal conditions. On the other hand, small dopants more
easily diffuse out of the CP structure and can be exchanged with other surrounding ions.
Thus, CP properties can be controlled via the doping and de-doping process which
occurs during oxidation and reduction [97].

20

1 Introduction
Many techniques for doping CPs exist, such as gaseous, solution, electrochemical and
self-doping. Of these, the first three techniques are commonly used due to simplicity
and low cost [102]. Polymers are exposed to vapours of the dopant under vacuum
during the gaseous doping process i.e. 1,4-polybutadiene polymers have been doped
with halogen to form semiconductors [107]. In solution doping, a solvent is used in
which all the products of doping are soluble. Electrochemical doping involves the
monomers being present with the charged dopant prior to electropolymerisation [102].

CPs can be doped with a variety of molecules, such as small salt ions [97, 108-110],
peptides [111], organic acids [103, 112, 113], polymeric acids [106, 114, 115] and
biopolymers [105, 116-122]. It has been shown that PANi doped with different levels of
camphorsulfonic acid (CSA) exhibited the maximum electrical and thermal conductivity
at 60% (the molar ratio of CSA to phenyl-N repeat unit of PANi) doping level [112].
Another study used titanium dioxide (TiO2) nanoparticles (diameter ≈ 20 nm) as a
dopant of PANi [123, 124]. It was found that the electrical conductivity of composites
at low TiO2 content is much higher than that of pure PANi, while the conductivity
showed an orderly decrease with the increasing contents of TiO2 [123]. PANi doped
with graphene oxide sheets showed an increase in the specific capacitance from 216 F/g
for pure PANi to 531 F/g [125].

Other research used PSS to electrochemically dope PPy for applications in multichannel
neural probes [106]. During this work, high quality neural signals were recorded
through the PPy/PSS coated electrodes from the cerebellum of a guinea pig. A recent
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study on growing neural stem cells showed that PPy doped with dodecylbenzene
sulfonate (DBS) increased cell viability compared to PPy doped with different counter
ions such as chloride [109].

Biopolymers such as gellan gum, heparin, hyaluronic acid and chondroitin sulfate have
been used to dope CPs [117, 119, 122]. Recently published research used the
biologically derived polysaccharide, gellan gum, as a dopant for PPy [117]. In that
work, conducting polymer electrode coatings were developed as a platform for
improved functionality of neural prosthetic electrodes. At frequencies relevant to neural
cells, these electrode coatings were found to significantly reduce the impedance
magnitude. Another biopolymer, heparin, has also been the subject of research as
dopant for PPy [119-122]. Electrochemical analysis showed that, PPy doped with
heparin had a strong affinity to the protein, thrombin, when in its oxidised state but not
in its reduced state and therefore finds applications in the detection and purification of
thrombin [120, 121].

1.2.3. Synthesis of conducting polymers
CPs can be synthesised by many different ways such as pyrolysis, photochemical,
plasma, chemical and electrochemical polymerisation [19, 102, 126-129]. Amongst
these methods, chemical and electrochemical polymerisation methods have been most
extensively used for CPs synthesis. Both methods result in different properties of the
CPs, i.e. different conductivity of the same polymer can be produced [130].
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1.2.3.1. Chemical synthesis
Generally in the chemical polymerisation method, the monomer is initially oxidised by
a chemical oxidant in a suitable solvent. This method is the most efficient for preparing
large amounts of CPs, since it is performed without electrodes [96, 97, 131]. CPs can be
synthesised by two different chemical methods. These include condensation
polymerisation (step growth polymerisation) and addition polymerisation (chain growth
polymerisation) [132].

During condensation polymerisation small molecules such as water or hydrochloric acid
are lost as the monomers join together to form larger fragments, these fragments then
combine to form a polymer. The addition polymerisation process involves individual
monomer units adding together to form the polymer chain, for example during radical,
cation or anion polymerization [19, 132]. Chemical synthesis provides different ways to
synthesise a variety of conducting polymers; in addition it is possible to scale-up the
synthesis of materials which is not possible using the electrochemical method [97, 132].

1.2.3.2. Electrochemical synthesis
Electrochemical polymerisation is performed by oxidising the monomer in an
electrolyte at a suitable anode such as ITO glass. It is carried out by using a threeelectrode configuration. These three electrodes (known as working, counter and
reference electrodes) are placed into a solution consisting of the monomer, dopant
(electrolyte) and appropriate solvent (Figure 1.13). A power source is required to supply
either a constant or variable potential or current [19].
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Electrochemical polymerisation can be divided into three specific techniques;
potentiodynamic, potentiostatic and galvanostatic growth [133]. Potentiodynamic
growth depends on cycling the applied potential for varying lengths of time, while
monitoring the growth of the polymer by following the change in current as both
potential and time is varied. A constant potential is applied to the cell containing the
monomer and electrolyte solution during potentiostatic growth. The growth of polymer
is then monitored by following the change in current as function of time. Galvanostatic
growth requires that a constant current is applied to the monomer and electrolyte
solution for a predetermined length of time. The film thickness can then be controlled as
it is proportional to the length time and density of applied current. The growth of the
polymer is monitored by recording the change in potential of the system as a function of
time.

A number of important factors such as temperature, deposition time, deposition charge,
nature of solvent and electrolyte have a great impact on the thickness, topography,
mechanics and, most importantly; conductivity of the CPs produced [97]. This method
of synthesis has a high rate of accuracy and is a simple procedure for producing CPs as
self-supporting and free-standing films as well as colloids [102, 134].
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Figure 1.13: Three electrodes setup for electropolymerisation synthesis: working, reference and
counter electrodes [97].

The main difference between the two methods of synthesis is that the electrochemical
technique produces very thin CP films, whereas the chemical procedure produces
materials that can subsequently be fabricated into other forms such as thick films or
fibers. Table 1.1 illustrates the advantages and disadvantages of these two methods.

Table 1.1: The advantages and disadvantages for the chemical and electrochemical
polymerisation methods (Reproduced from [97]).
Polymerisation method

Chemical
polymerisation

Electrochemical
polymerisation

Advantages

Disadvantages



Larger-scale production









Post-covalent modification
of bulk CPs possible
More options to modify CPs
backbone covalently
Thin film synthesis possible



Ease of synthesis





Entrapment of molecules in
CPs



25



Difficult to fabricate
thin films
Synthesis more
complicated

Difficult to remove
film from electrode
surface
Difficult post-covalent
modification of the
bulk
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1.2.4. Common conducting polymers
1.2.4.1. Polyaniline
Polyaniline (PANi) is one of the most useful out of the CP family for several reasons;
high stability, inexpensive monomer, simple acid/base doping and dedoping chemistry
and an easy synthesis method [135]. The PANi structure consists of an alternating
arrangement of benzene rings and nitrogen atoms (Figure 1.14). PANi can exist in three
different oxidation states, each with its own distinctive colour, all of which are
electrically insulating. These are: completely reduced leucoemeraldine base (pale
yellow), half oxidised emeraldine base (blue) and fully oxidised pernigraniline base
(violet) [25, 136]. Simple redox reactions can easily convert the different forms of PANi
to one another.

Chemically synthesised PANi is

insoluble in water. Different colours were observed

depending on the structure of the PANi produced. For example, a dark green powder
was usually obtained, which was then separated by filtration. These materials were
identified as emeraldine salts (ES), with different acids HA (i.e. HCl) incorporated in
the polymer. The precipitate was then washed with methanol to remove oligomers and
dried under a dynamic vacuum for up to 48 hrs. The emeraldine salts were then
suspended in ammonium hydroxide solution and stirred to remove the acids. After
filtering, the powders were washed with water and dried under dynamic vacuum. The
resultant powders were the non-conducting blue form of PANi referred to as emeraldine
base (EB). This process can be easily reversed to the non-conductive form (EB) by
dedoping with a base such as ammonium hydroxide (NH4OH) [25, 137].
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Figure 1.14: Oxidation states of polyaniline: (a) leucoemeraldine, (b) emeraldine base, (c)
pernigraniline and (d) emeraldine salt; A- represents the dopant anion.

As previously mentioned, PANi can be synthesised via either chemical or
electrochemical methods [19, 129, 138]. Chemical polymerisation is usually carried out
by polymerisation of the aniline monomer in aqueous solution using oxidants such as
ammonium persulfate (APS). Electrochemical polymerisation is performed by oxidising
the aniline monomer in an electrolyte at the anode.

PANi prepared by chemical and electrochemical methods is insoluble in common
organic solvents and water, and hence exhibits poor processability [139]. Several
techniques have been used to improve the solubility of PANi. These include: the use of
substituted aniline as a monomer, synthesis of blends and composites of PANi with
conventional thermoplastics and use of suitable anionic dopants [140-142]. Another
important method to improve the solubility of PANi is dispersion polymerisation of
PANi (known as suspension polymerisation). This is used in order to synthesise PANi
in its colloidal dispersion [143].
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Polymer stabilised PANi dispersions such as poly (vinyl alcohol) have been reported to
improve solubility [144]. Furthermore, using surfactants in the synthesis of PANi such
as sodium dodecylsulfate (SDS), which act as both surfactant and dopant, has been
shown to increase the solubility of PANi in common organic solvents [145]. The
conductivity of PANi is highly dependent upon the dopant. A range of conductivity
values have been reported from below 0.001 S/m for PANi-NaOH to 8.1 S/m for PANiacacia gum to 300 S/m for PANi-HCl to 27000 S/m for PANi-CSA [113, 146, 147].

1.2.4.2. Polypyrrole
Another conducting polymer with relatively high electrical conductivity and good
environmental stability is polypyrrole (PPy). This polymer is electroactive in both
aqueous and organic electrolyte solutions [19]. The polymer structure is formed from a
number of connected pyrrole ring structures. Electrical, chemical and mechanical
properties can be controlled by switching between its oxidised and reduced states. A
large range of dopant ions may be incorporated in order to give rise to polymers with
varying properties [106, 117, 122]. Since PPy has been identified as non-toxic and
potentially biocompatible, it has been used in a wide range of biological applications.
Similarly to PANi, PPy can be synthesised by chemical or electrochemical means [19,
148, 149] and in an additional similarity to PANi, PPy is insoluble in common organic
solvents [19]. Hence, many attempts have been made to counteract this issue through
using various functional dopants and polymeric co-dopants [150-152]. For example,
chemically synthesised PPy using dodecylbenzene sulfonic acid (DBSA) as a dopant
yielded conductivity of about 500 S/m [153], whereas, 1800 S/m could be achieved
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when doping PPy with CSA [154]. The type of the dopant and the polymerisation
method also affect the conductivity of prepared PPy. It has been shown that
electrochemically synthesised PPy doped with di(2-ethylhexyl) sulfosuccinate (DEHS)
displayed conductivity of 6.6 S/m [152]. Other studies achieved conductivity values of
3260 S/m [155], 6000 S/m [156] and 7110 S/m [157] for electrochemically synthesised
PPy doped with p-toluenesulfonic acid (P-TSA), hexacyanoferrate (HCF) and styrene
sulfonate (ST), respectively.

1.2.5. Applications of conducting polymers
Current research has found a large range of applications for CPs including use in
chemical and gas sensors, corrosion inhibitors, battery electrodes, microwave shielding,
drug delivery and artificial muscles [130, 158-163]. CPs provide a large number of
advantages in sensor design, especially for their use as biosensors. PANi coupled with
an insulating polymer such as poly(vinyl alcohol) acts as a good humidity sensor which
is important to air conditioning systems [164]. Due to their high environmental stability,
CPs are believed to be suitable for bionic applications. One research area is directed
towards their use in artificial muscles [160, 165]. CPs exhibit several properties that
make them beneficial for this type of use. One such property is that they can be
reversibly and continuously oxidised and reduced. Additionally, their oxidation depth,
conductivity, volume and colour can all be easily changed to suit the desired properties.
These variable properties correspond to the movement of ions and solvents within and
surrounding the polymer chains. These ion movements allow the chain to open and
close, which can be used to artificially simulate muscle actions. The CPs in artificial
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muscles are arranged into bilayers which allows them to bend reversibly more than 360
degree as they are oxidised and reduced [160].

1.3. Carbon nanotubes
1.3.1. Background
In 1991 a Japanese scientist, Sumio Iijima, accidentally discovered carbon nanotubes
(CNTs) produced by an arc-discharge process [10]. During his research, he observed
that graphite nanotubes were being deposited on the cathode of the arc discharge
apparatus. Using high-resolution transmission electron microscopy, he found that the
deposited materials contained cylindrical carbon structures consisting of several layers
of graphite which were identified as multi walled carbon nanotubes (MWNTs). In 1993,
further research found that, addition of metals, such as cobalt, to the graphite electrodes
resulted in single-layered cylindrical arrangements of carbon, known as single walled
nanotubes (SWNTs) [166, 167]. This observation was a huge milestone in the
development of CNTs. Although accidental, this discovery led to worldwide research
into the properties of CNTs, with many scientists demonstrating promising physical,
chemical, structural, electronic, and optical properties of CNTs [168-171].

1.3.2. Types and structure of carbon nanotubes
CNTs can be thought of as graphene sheets rolled up into a cylindrical shape. This
graphene sheet is made up of planar parallel sheets of carbon atoms arranged in
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hexagonal aromatic rings, which are covalently bound by sp2 hybridisation [172]. CNTs
can exist SWNTs or MWNTs, depending on the number of rolled up graphene sheets
(Figure 1.15). The diameter of the nanotubes can vary from 0.7 - 2 nm (SWNTs) to 10 300 nm (MWNTs) and the length of the nanotubes can reach into macroscale [173].
CNTs have many impressive characteristics such as high electrical conductivity,
mechanical strength, optical transparency and thermal stability which make them
suitable for current and future applications in nanotechnology [169, 174] (this will
discussed in section 1.3.6).

Figure 1.15: Schematic diagram of (a) single walled carbon nanotube (SWNT) and (b) multi
walled carbon nanotube (MWNT) [175].

One of the reasons that CNTs have such extraordinary properties is their symmetrical
cylindrical structure [176]. Individual CNTs vary in their conformational arrangements
as a result of the orientation of the graphene sheets in the CNT structure. The most
common description of this orientation is the chiral vector (Ch) joining two equivalent
points on the original graphene lattice [169, 172]:
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where, а1 and а2 are unit vectors and n and m are integers, see Figure 1.16. There are
three different orientations, depending on the values of n and m, of the graphene sheet
within the structure of CNTs: armchair, zig-zag and chiral (Figure 1.16). An armchair
nanotube results when n = m; a zig-zag nanotube when m = 0; and chiral nanotubes
arise when n

[170, 172]. The length and direction of the chiral vector (the

values of n and m) will clearly influence the diameter of nanotubes and hence influence
their properties including conductivity and density [177]. When (n-m)/3 is a whole
number the nanotube will be metallic in nature, i.e. electrically conducting, otherwise, a
semiconducting nanotube results. Therefore, two thirds of nanotubes will be
semiconducting and one third conducting [168, 178].

Figure 1.16: Schematic diagram showing how a graphene sheet is rolled to form a CNTs [176].

1.3.3. Synthesis of carbon nanotubes
There are four main methods used to synthesise CNTs, include arc discharge, laser
ablation, chemical vapour deposition and high-pressure carbon monoxide (HiPCO)
[171-173, 178]. The reliability of these methods depends on two different factors:
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selectivity and conversion [178]. Selectivity is the ratio of mass of CNTs formed to total
mass recovered from the synthesis, i.e. the higher the selectivity, the lower the cost.
Conversion is the yield of carbon produced and hence, higher yield produces, less waste
and a lower cost. The properties of CNTs are related to their production method are
summarized in Table 1.2.

Table 1.2: Comparison between different synthesis methods of CNTs [178, 179]

Method

Summary

Yield

Strength

Weakness

Arc
discharge

Graphite evaporated
by a plasma via high
current

30%

Produce MWNT and
SWNT with few structural
defects

Cannot be scaled up
and requires high
temperature

Laser
ablation

Graphite blasted with
intense laser pulses

up to 70%

Can be synthesised at room
temperature and the
diameter can be controlled
via reaction temperature

Only produces
SWNT and is more
expensive than other
processes

Chemical
vapour
deposition
(CVD)

Decomposition of
carbon based gas

> 75%

Produces MWNT and
SWNT and can be scaled
up to industrial production

Need to be monitored
to produce SWNT
and has a high
density of defects

High
pressure
CO
conversion
(HiPCO)

Metal catalysts
nucleate SWNT at
high temperature and
pressure

95%

Excellent structural
integrity for CVD process
and has high purity

Required high
pressure and
temperature and only
produces SWNT

In all synthesis methods, CNTs are produced along with other carbon based materials,
such as amorphous carbon and carbon nanoparticles. Additionally, metal impurities are
common, especially in the CVD and HiPCO processes. Many methods have been used
for CNTs purification, such as: annealing, ultrasonication, acid treatment, magnetic
purification and chromatography [180-186]. Annealing removes defects in CNTs by
exposing them to extremely high temperature in the range of 600-1600 °C [180, 181].
Ultrasonication involves clusters of nanotubes being exposed to ultrasonic vibrations.
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These vibrations force them to separate and disperse throughout the surrounding
solution [182, 183]. In acid treatment, the CNT sample is exposed to a strong acid,
which removes metal catalysts or other metal contaminants that were essential in
synthesis or initial purification processes but are no longer needed [180, 184]. Magnetic
purification is used to remove ferromagnetic impurities from the graphene sheet,
whereas, chromatography can be used to separate CNTs on the basis of their size [185,
186].

1.3.4. Properties of carbon nanotubes
The impressive properties of CNTs are due to several factors, structure, dimension and
topology, which are determined by their chirality, diameter and degree of graphitisation
[187]. As described in section 1.3.2, CNT shells can be either metallic or
semiconducting in nature, depending on their lattice orientation [168, 178]. It was
reported that, carbon nanotubes have carrier mobility of 105 cm2/Vs [188] and current
carrying capacity of current density capabilities of 1 × 109 A/cm2 [189], which is greater
than that of metals such as copper [171]. This has lead to suggestions that nanotubes
could replace copper wire for electricity transport. The electrical resistivity of carbon
nanotubes can be as low as 10-6 Ωm [169] and MWNTs show superconductivity when
the inner shells are interconnected at a transition temperature of 12 K [190].
Incorporating CNTs into CPs has been shown to increase the electrical conductivity. For
example, it has been reported that the conductivity of PPy was increased from 300 S/m
to 1600 S/m [24] and the conductivity of PANi was increased from 1×10-7 S/m to 10
S/m [191] upon addition of CNTs.
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The high strength and stiffness of CNTs would deem them a suitable candidate for
materials engineering applications. For example, it has been suggested that CNTs are at
least 100 times stronger and 5 times lighter than steel [172, 187]. The suggested
Young‟s modulus values range from 0.6 to 1.8 TPa [192] for CNTs, in comparison to
the Young‟s modulus of steel which is only about 0.21 TPa [187]. Many factors can
affect the mechanical properties of nanotubes such as diameter and temperature [178,
187]. For example, it was found that when the diameter of CNTs is increased from 3 to
20 nm the Young‟s modulus is dramatically decreased from 1 TPa to 100 GPa [193].
Another study investigated the fact that in the environment of high strain and low
temperature, all CNTs are brittle [194]. CNTs have been widely used as reinforcing
fillers in nanocomposites where they are embedded in the matrix resulting in an increase
in the mechanical properties [40]. The generally accepted values for Young‟s modulus
(E) and tensile strength (TS) of individual SWNTs are E ≈ 1 TPa and TS ≈ 30 GPa,
respectively [60], while they are E ≈ 0.61 GPa and TS ≈ 37 GPa for individual
MWNTs [195]. It has been reported that, incorporation of 1 wt% MWNTs into PMMA
resulted in the stiffness to be increased from 1.5 to 2.5 GPa and the strength to be
increased from 30 to 50 MPa [22, 196]. CNTs have also displayed high thermal
conductivity compared to other high thermal conductive materials such as a copper
[197]. Recent measurements suggested the thermal conductivities of about 3000 W/mK
for MWNTs [198] and above 2000 W/mK for SWNTs [199, 200]. Due to their
conjugated system, CNTs have displayed stability at high temperatures i.e. the
temperature stability of CNTs is estimated to be up to 2800 °C in vacuum and about
750 °C in air [201].
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1.3.5. Dispersing carbon nanotubes
One main disadvantage of using CNTs is their processability; i.e. they are difficult to
disperse in most common solvents due to their high surface energy and van der Waals
interactions, hence CNTs entangle into bundles and aggregate together [202-204]. To
obtain processable CNTs, two main approaches have been reported: covalent and noncovalent functionalisation [205-208]. The covalent approach usually consists of
chemical oxidation of CNTs using a concentrated acid to produce hydrophilic
carboxylic acid residues on the CNTs surface. The non-covalent functionalisation
approach requires using ultrasonic energy in the presence of dispersions to break up
large bundles of CNTs. Compared to the covalent approach, the non-covalent approach
is advantageous because the dispersion procedure is often straightforward and nanotube
structures and properties can usually be preserved after the dispersion process [208].

Sonication is commonly used for preparing CNT dispersions in various solvents and it
has been shown to play an important role in dispersing and debundling CNTs [209].
However, sonication involves cavitation, which is the process of bubble formation,
growth and collapse; this leads to the shear force that results in damage CNTs bundles
[209, 210]. The efficiency of the cavitation process is dependent on dispersant
parameters, including viscosity, vapour pressure, surface tension, along with the
sonication, intensity, frequency and time [211]. Optimisation of the sonication time
which is required to effectively disperse CNTs is important, as excess sonication can
shorten or create defects in the tubes and hence reduce their quality [207, 212].
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The dispersant used to interface between the hydrophobic and hydrophilic surfaces of
the CNTs and solvent, respectively. It disrupts the van der Waals interactions without
affecting the π-network of the CNTs and increases their solubility [208, 213]. A large
and diverse range of molecules have been used by a number of groups to disperse CNTs
in aqueous media including: surfactants, polymers and biopolymers [45, 56, 58, 212,
214-217]. The anionic surfactant sodium dodecylbenzenesulfonate (SDBS) has been
used to disperse SWNTs and MWNTs [218, 219]. This study showed that SDBS was
found to stabilise CNTs over months without significant aggregation or bundling, and
the diameter of distribution of dispersed nanotubes is significantly influenced by the
surfactant structure. Non-ionic surfactants such as Triton X-100 have been previously
reported to act as an extremely good dispersant for CNTs in aqueous solutions due to
the aromatic rings of Triton X-100 π-stacking onto the outer layer of the CNTs [45, 212,
219].

Polymers usually have stronger surface adsorption compared to common surfactants
[220]. As such, a variety of non-ionic and ionic polymers were found to be able to
disperse CNTs. For example, a polar side chain Nafion polymer was found to solubilise
CNTs in ethanol and phosphate buffer solutions [217]. This study showed that a NafionSWNT composite coating can be employed as biosensors. In other reported work, the
ionic PSS polymer has been found to be very effective for dispersing SWNTs in
aqueous solutions [221].

Recently it has been reported that biopolymers such as gellan gum, xanthan gum and
chitosan have been found to be very effective for dispersing CNTs in aqueous solutions
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by physically wrapping themselves around each individual nanotube [23, 35, 45, 214,
222, 223] (Figure 1.17) . The gellan gum-CNT dispersions have been used to produce
optically transparent films that displayed sensitivity to water vapour [224]. Furthermore,
gellan gum-CNT hydrogels have raised a lot of interest as electrically conducting
biomaterials [214].

Figure 1.17: Simulation (a) and TEM (b) of the biopolymer chitosan chain wrapped along
CNTs [225].

1.3.6. Applications of carbon nanotubes
CNTs are not currently widely used in commercial applications, however it is likely
that this will change in the near future [179]. Potential applications include use in:
electrical field emission, conductive and mechanically reinforced plastics, energy
storage, field effect transistors, flexible transparent electrodes, solar cells and medical
applications [169, 172, 174, 175, 179, 187, 226-229].

CNTs can be utilised as components in electrically conducting plastics which are
commonly used as a cheaper and lighter alternative to metals. By loading plastics with a
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large amount of CNTs, a high level of conductivity can be achieved. If plastics were
able to conduct electricity, it would benefit many applications resulting in an even
larger increase in its use. Due to their mechanical reinforcing capabilities, CNTs find
current application in high performance sporting equipment such as tennis rackets,
bicycles, hockey sticks and baseball bats [230].

It was thought that CNTs could be very biocompatible materials and they have so far
shown to have no toxic side effects on the growth of cells [178]. However, there are
health issues involved with inhalation due to their small size and large aspect ratio. It
has been also suggested that CNTs are suitable for a range of biomedical applications,
i.e. cell labelling and tracking, drug delivery and tissue regeneration [228]. In tissue
engineering, carbon nanotubes can act as a scaffold for bone growth [227].

Reported work shows that MWNTs have already found use in a scanning probe
microscope tip for imaging. MWNTs can be used in scanning probe instruments, such
as an electrostatic force microscope since they are electrically conducting. Nanotubes
tips are advantageous due to their small size which allows them to image features which
would be almost impossible to probe using the larger, blunter etched Silicon or metal
tips [226].

The combination of unique properties of both CNTs and CPs has led to the production
of composite materials with enhanced mechanical and electronic properties [22, 24,
231]. These composite materials can then be used in a wide variety of applications,
including optical limiting devices [232], electrochemical capacitors [233] and sensors
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[234]. One potential use for CP/CNT composites is in electronic devices such as
photovoltaic devices and organic light emitting diodes (OLEDs) [232, 235]. One type of
OLED is composed of two electrodes, one of which is transparent in order to transmit
light. Between the two electrodes there is a layer of electroluminescent organic material.
The radiative recombinant of excitons is the source of the luminescence in the OLED
[236]. Electrochemical capacitors are important devices in conversion systems and
energy storage; they have a variety of applications such as in electric vehicles, memory
protection of computer electronics and cellular devices along with support for fuel cells
[236]. The incorporation of CNTs into a polymer matrix provides an additional active
material for capacitive energy storage. It has been reported that the capacitance value
increased from ~90 to 170 F/g when using MWNTs coated with PPy as the active
electrode for a electrochemical capacitor assembly [233].

Interest in the use of CP/CNT composite materials has increased in recent years as it is
believed that they have great potential for use as gas sensors. It has been reported that
CNT based sensors have an excellent sensitivity at room temperature [234, 237]. So far
this type of application has been limited due to the fact that the composites are
complicated to construct and have a long recovery time [236]. It is believed that for
these types of sensors to work effectively, the CNT networks present in the sample need
to be semi-conducting as a mixture of semi-conducting and metallic nanotubes reduces
the reproducibility and yield of the gas sensors [236, 238].
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1.4. Carrageenans
Biopolymers are polymers produced by living organisms. Based on the structure of the
biopolymer formed and the different monomeric units used, there are three main classes
of biopolymers: polypeptides, polynucleotides and polysaccharides. Polypeptides such
as proteins are short polymers of amino acids, whereas polynucleotides such as
deoxyribonucleic acid (DNA) are long polymers composed of 13 or more nucleotide
monomers. Polysaccharides such as carrageenan are composed of repeating sugar units
which are also known as carbohydrates [239-241]. As mentioned previously in section
1.3.5, biopolymers can be used to disperse CNTs in aqueous solutions.

1.4.1. Carrageenan types
Carrageenan is a generic name for a biopolymer family of water soluble, linear,
sulphonated galactans extracted from red seaweed, which is known for its gel forming
and thickening properties [242]. This biopolymer is an anionic polysaccharide whose
structure is composed of alternating 3-linked β-D-galactopyranose (G-units) and 4linked α-D-galactopyranose (D-units) or 4-linked 3,6-anhydrogalactose (DA-units),
forming the ideal disaccharide-repeating unit of carrageenans [243-246].

There are three main types of carrageenan depending on the number of charged
sulphated groups per biopolymer repeat unit, i.e. κ-carrageenan (one group),
ι-carrageenan (two groups) and λ-carrageenan (three groups) (Figure 1.18) [246, 247].
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In terms of weight composition, carrageenan is a high molecular weight compound,
with an average molecular mass between 100 and 1000 kDa. Other carbohydrate
residues (xylose, glucose, and uronic acids) and substituents (methyl ethers and
pyruvate groups) are present in carrageenans along with galactose and sulphate [246,
248]. Carrageenans have been extensively employed in the food industry and are
commonly referred to as E407 (European Union specification) as well as being
approved by the US Food and Drug Administration as a direct food additive [246].

Figure 1.18: Repeat units of the three main types of carrageenan (a) ι-carrageenan, (b) κcarrageenan and (c) λ-carrageenan.

1.4.2. Production of carrageenan
Carrageenan compounds are extracted from two species of red seaweeds: Eucheuma
cottonii and Eucheuma spinosum [249]. This aqueous extraction of red seaweeds to
obtain carrageenan has been used in Ireland since 1810 [247]. After selection and
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harvesting of the seaweeds, they are washed, dried, packaged and sent to a processing
plant. Here, they are further cleansed of impurities and then treated with alkali to extract
the carrageenan. The choice of alkali determines the dispersion, hydration and other
properties of the final product. The extract is clarified and concentrated, and precipitates
are obtained by treatment with isopropyl alcohol; the final product is purified and dried
into pellets or a powder (Figure 1.19) [249, 250].

Instead of alcohol precipitation, the final product may also be obtained by a „gel press‟
method. In this method, a high concentration of κ-carrageenan (KC) is precipitated with
potassium ions to form a gel; the concentrated fibrous product undergoes syneresis, and
the water is removed under pressure to obtain a gel pressed carrageenan [250].

A variety of different grades of carrageenan are obtained in the Philippines and
Indonesia, including processed, semi-refined, alternatively-refined, Philippines natural
grade and alkali modified flour. The process of obtaining semi-refined KC (SRKC), as
well as its properties has been studied in detail [249, 251]. These papers describe a five
step manufacturing process: washing and soaking of Eucheuma weeds; treatment with a
8-9 % solution of KOH at 80 °C; removal of the spent alkali and washing of the SRKC
in tap water; sun-drying to lower moisture content to less than 10%; and pulverising the
dried SRKC for packaging [251]. The authors reported improvements of a variety of
process conditions, such as reduction in water usage, alkali reuse and higher conversion
efficiency.
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Figure 1.19: Extraction carrageenan powder from red seaweed.

1.4.3. Properties of carrageenan
All types of carrageenan are soluble in water at temperatures above its gel melting
temperature. Depending on the presence of cations and the solution concentration, the
usual range of solubility temperature is between 40 – 70 ºC [247, 249]. Only λcarrageenan (LC) is soluble in cold water, however, KC and IC (ι-carrageenan) may
become soluble in the presence of sodium salts [252]. Potassium and calcium salts do
not have this effect upon KC and IC in cold water [249]. LC is soluble in cold milk due
to its insensitivity to the presence of potassium and calcium ions. However, KC and IC
remain insoluble in cold milk [253, 254]. All carrageenan types are soluble in hot milk,
although the presence of calcium ions strongly affects this [249, 255]. On cooling, IC
and KC solutions form gels. The strength and consistency of this gel depend on the
calcium ion sensitivity and the carrageenan concentration.

The difference in rheological behavior in water between IC and KC, which form gels,
and LC which does not, results from the fact that the DA-units of IC and KC have a
1

C4-conformation due to the 3,6-anhydro bridges and LC does not. This
44

1

C4 -

1 Introduction
conformation of the 3,6-anhydro-D-galactopyranosyl units allows for a helical tertiary
structure to occur, which is essential for gel formation. In LC, where the 3,6-anhydro
ring is absent and, as a consequence, the 4C1-conformation causes “kinks” in the
polymer chain and prevents the formation of the helical structures. This prevents the
gelation of LC [242, 248]. Upon cooling or heating, IC and KC exhibit a change in
conformation (Figure 1.20).

The effect of carrageenan on the stabilisation of heat-treated milk was investigated
focusing on the interactions between carrageenan and protein as well as those between
different carrageenan variants [255]. The authors tested the three types: of carrageenan
(KC, IC and LC) and determined a variety of properties such as: concentration, gel
strength and pH values as well as the droplet sizes before and after ultrasound treatment.
It was found that IC forms stronger protein bonds, leaving less of the hydrocolloid
available for gel formation. This bond formation, however, is less pronounced in the
case of KC; hence it forms better gels with milk.

Figure 1.20: Schematic representation of mechanism of gelation of carrageenan [256].
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Due to their unbranched, linear macromolecular structure (Figure 1.18) and
polyelectrolytic nature, carrageenans typically form highly viscous solutions.
Carrageenan has a resistance to flow which may be attributed to both the mutual
repulsion between the sulphate groups (which causes an extended structure) and their
hydrophilic nature (which leads them to be surrounded by a sheath of immobilised
water) [247]. The viscosity of carrageenan solutions is dependent on the type of
carrageenan, its molecular weight, concentration and temperature [242, 243, 247]. The
exponential increase of viscosity with concentration is typical of linear polymers
carrying charged groups. This can be attributed to the increase of interaction between
polymer chains [247].

1.4.4. Applications of carrageenan
Carrageenans are mainly employed in the food processing industry and for medical
applications [257-262]. Numerous applications in both these areas are constantly being
reported in the literature. In food processing, carrageenans are used as water based gels
(such as cakes, desserts and jellies), in dairy products (such as puddings and ice-cream),
and as additives to improve the texture of cooked food. A research study added a
mixture of KC and xanthan gum to mashed potatoes, and performed a variety of tests to
study possible effects in food quality [258]. They found that, while the gum essentially
acts as filler, carrageenan markedly improves parameters such as gel strength, viscosity,
elasticity and overall acceptability.
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As for their medical usage, carrageenans have been reported for their application in
probiotic encapsulation, both as microcapsules and microspheres [259]. The use of KC
as a polysaccharide in encapsulation is quite common. Carrageenan has also been found
to inhibit the effects of endotoxins in Gram-negative bacteria, by increasing the
resistance of mice towards toxicity [257]. This opens up application of carrageenans in
preventing the development of toxemia through bacterial growth. Carrageenan can be
used as effective liver tissue regenerators [260]. It has been shown that injecting the
mice with 10 mg/kg of carrageenan one hour prior to surgery, led to an almost two-fold
increase in liver tissue weight one day after the operation. In other recent work,
carrageenan has been used in cosmetics and as an infection inhibitor of the human
papilloma virus, which is associated with the development of cervical cancer [261].
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1.5. Research aims and thesis outline
Carrageenan is an anionic, water soluble biopolymer which is well known for its gel
forming capabilities. To date it has been mainly employed in the food processing
industry and for medical applications. The main aim of this thesis is to assess the ability
of used this carrageenan to form composite materials with conducting fillers such as
carbon nanotubes (CNTs) and conducting polymers.

The specific aims of this research include:


Characterisation of solutions and films of ι- and κ-carrageenan;



Synthesis and characterisation of the conducting polymers, polyaniline and
polypyrrole formed when carrageenan is used as a dopant during the
polymerisation;



To assess the ability of the carrageenan as a dispersant for single and multiwalled CNTs;



Wet-processing of carrageenan-CNT dispersions into films using evaporative
casting, vacuum filtration, inkjet printing and extrusion printing;



Characterisation of composite materials in terms of their electrical, mechanical
and other physical properties including thermal stability and morphology;



To assess which of these composite materials is suitable as an electrodes.

The outline of this thesis is as follows. In chapter 2, the materials and experimental
techniques used in this thesis are detailed. Chapter 3 investigates the properties of
solutions and films of ι-carrageenan (IC) and κ-carrageenan (KC). Rheological
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characterisation is used to examine the gelling properties of each biopolymer along with
the effect of various parameters such as concentration, temperature and sonication.

The preparation and characterisation of chemically synthesised polyaniline (PANi) and
polypyrrole (PPy) are described in chapters 4 and 5, respectively. In both of these
chapters, carrageenan has a dual purpose, i.e. as a dopant during polymerisation and as a
dispersant for CNTs. Chapter 6 outlines the electrochemical synthesis and
characterisation of PPy using carrageenan as both the cell electrolyte and as a dopant
during the polymerisation process.

Chapters 7 and 8 focus on dispersing CNTs using IC and KC, respectively. In both
chapters, composite films are prepared by two processing methods (vacuum filtration
and evaporative casting) and characterised to compare the dispersants. Chapter 8
investigates the incorporation of a plasticizer (glycerin) and the gas sensing ability of
KC-CNT composite films.

The dispersions discussed in chapter 7 are wet-processed into electrically conductive
patterns using inkjet and extrusion printing in chapter 9. Finally, the general conclusions
are presented in chapter 10.
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2

EXPERIMENTAL DETAILS
This chapter gives details including chemical structure, origin and batch number of the
materials used throughout this thesis. Preparation methods for each solution and sample
are outlined. Characterisation techniques for subsequent samples are described.

2.1. Materials
ι-carrageenan (IC, molecular weight 350,000 – 800,000 g/mol, Genuvisco type CI-123,
lot # SK93842) and κ-carrageenan (KC, molecular weight 350,000 – 800,000 g/mol,
Genuvisco type CI-102, lot # SKS2500) were received as a gift from CP Kelco (USA).
Aniline monomer (An) and pyrrole (Py) were distilled prior to use and stored at -4 °C,
ammonium persulfate (APS, (R)-(-)-10-camphorsulfonic acid (HCSA), Dimethyl
sulfoxide (DMSO) and glycerin (G, lot # 033K0097) were obtained from Sigma Aldrich
(USA). Methanol (CH3OH, lot # 318-2.5L GL) was purchased from Ajax Finechem
(Australia).

Nylon (pore size of 0.45 μm) and hydrophobic polytetrafluoroethylene (PTFE, pore size
of 5 μm) filtration membranes were purchased from Millipore (USA) and Micro
Filtration Systems (USA), respectively. Transparent polyethylene terephthalate (PET)
sheets were obtained from Corporate Express (Australia). Glass micro-fibre (GMF)
syringe filters with pore size of 3.2 µm were purchased from Chromacol, Esslab, UK,
(lot # 30-SF-31). Dialysis tubes (Spectra/Por 2 dialysis membrane, lot # 132636) were
obtained from Spectrum laboratories, USA. Indium tin oxide coated glass slides (ITO,
lot # 636916) and double-sided conductive carbon tape were purchased from Sigma
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Aldrich and Proscitech (Australia), respectively. Single walled carbon nanotubes
(SWNTs), produced by high-pressure decomposition of carbon monoxide (HiPCO
process) were purchased from Unidym Incorporated (USA, lot # P0261). Chemical
vapour deposition produced multi walled carbon nanotubes (MWNTs) were obtained
from Nanocyl Incorporated (USA, lot # 090901, P0348). Milli-Q water (resistivity
=18.2 MΩ cm) from a Millipore Q water purification system was used in all
experiments. All materials were used as received unless otherwise stated.

2.2. Experimental Methods
2.2.1. Preparation of carrageenan solutions
Carrageenan solutions (IC and KC) were prepared to appropriate concentrations by
dissolving carrageenan powder (Figure 2.1a) in Milli-Q water under continuously
stirring for 3 hours at 70 °C on a hot plate stirrer (Stuart, CB162) using a magnetic stir
bar (Figure 2.1b).

Figure 2.1: Photographs of: (a) carrageenan powder and (b) preparation of carrageenan solution
under continuous stirring.
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2.2.2. Chemical synthesis of polyaniline
The aniline in this experiment was distilled at reduced pressure before starting the
polymerisation. Polyaniline (PANi) was chemically synthesised as follows: 0.2 mL of
distilled monomer was dispersed into 2 mL of IC or KC solution (0.5% w/v). The
mixture was stirred at 21 oC for 2 hours. Two mL IC or KC solution (0.5% w/v) was
added to the mixture and stirred on a hot plate stirrer for 1 hour. 0.49 g of ammonium
persulfate was dissolved in 1 mL of Milli-Q water and then added dropwise into the
above mixture under constant stirring on the hot plate stirrer using a magnetic stir bar.
After the solution was added, the mixture was stirred for 24 hours at 21 oC (Figure
2.2a).

PANi powder was obtained by filtering the reaction mixture through a nylon membrane
(pore size = 0.45 m) and washing several times with Milli-Q water and methanol
(Figure 2.2b). Finally, the product (Figure 2.2c) was dried in a vacuum oven (v-700
BUCHI, Switzerland, pressure = -100 kPa) at 60 oC for 24 hours.

Figure 2.2: Photographs of: (a) polyaniline doped by carrageenan, (b) filtration of the
polyaniline and (c) PANi-carrageenan after the filtration process.
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2.2.3. Chemical synthesis of PANi/CNT composites
Composites of PANi/CNT were synthesised by chemical polymerisation of aniline in
the presence of CNTs. The procedure of this method is as follows: 3 mg of CNTs were
dispersed in 2 mL of IC or KC solution (0.5% w/v) by sonicating for 40 minutes using a
digital sonicator (Branson450, 400 W) with a probe of 10 mm diameter and power
output of 12 W, in pulse mode (0.5 s on/off), (Figure 2.3). During sonication, the
sample vial was placed inside an ice water bath (5 °C) to control the solution
temperature. 0.2 mL of aniline was added to the CNT dispersion and the mixture was
stirred on a hot plate stirrer at 21 °C for 2 hours. 2 mL of IC or KC (0.5% w/v) solution
was added to the mixture which was subsequently stirred for 1 hour followed by
sonication in a bath sonicator (Unisonic, Australia, power transducer output of 50 W) in
an ice water bath for 6 hours. 0.49 g of ammonium persulfate was dissolved in 1 mL of
Milli-Q water and was added dropwise into the above mixture under stirring on a hot
plate stirrer for 24 hours at 21 °C. The PANi/CNT composites were obtained by
filtering the reaction mixtures using a nylon membrane (pore size = 0.45 m) and
washing several times with Milli-Q water and methanol. The product was dried in the
vacuum oven at 60 °C for 24 hours.

Figure 2.3: Schematic illustration of the experimental set-up used to disperse CNTs.
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2.2.4. Chemical synthesis of polypyrrole
The pyrrole monomer in this experiment was distilled at atmospheric pressure prior to
polymerisation. The polypyrrole (PPy) was chemically synthesised as follows: 12.4 μL
of distilled pyrrole monomer was dispersed into 2 mL of IC or KC (0.5% w/v) solution.
The mixture was stirred at 21 oC for 2 hours. 2 mL of IC or KC (0.5% w/v) solution was
added to the mixture which was then stirred on a hot plate stirrer for 1 hour. 20.3 mg of
ammonium persulfate was dissolved in 1 mL of Milli-Q water, and then slowly was
added dropwise into the above mixture under stirring on a hot plate stirrer for 3 hours at
21 oC (Figure 2.4a).

The PPy was obtained by filtering the reaction mixture using a nylon membrane (pore
size = 0.45 m) and washing several times with Milli-Q water and methanol (Figure
2.4b). Finally, the product (Figure 2.4c) was dried in a vacuum oven at 60 oC for 24
hours.

Figure 2.4: Photographs of: (a) polypyrrole doped by carrageenan, (b) filtration of the
polypyrrole and (c) PPy-carrageenan film after the filtration process.
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2.2.5. Chemical synthesis of PPy/CNT composites
Composite of PPy/CNT was synthesised using chemical polymerisation of pyrrole in
the presence of CNTs. The procedure of this method was as follows: 3 mg of CNTs
were dispersed in 2 mL of IC or KC (0.5% w/v) solution by sonicating for 40 minutes
using a digital sonicator (probe diameter =10 mm, power output = 12 W and pulse mode
0.5 s on/off). During sonication, the sample vial was placed inside an ice water bath to
control the solution temperature. 12.4 μL of distilled pyrrole monomer was added to the
CNT dispersion and the mixture which was stirred on a hot plate stirrer at 21 °C for 2
hours. 2 mL of IC or KC (0.5% w/v) solution was added to the mixture and stirred on a
hot plate stirrer for 1 hour. 20.3 mg of ammonium persulfate was dissolved in 1 mL of
distilled water and added dropwise to the monomer-dopant mixture and stirring on a hot
plate stirrer for 24 hours at 21 °C. The PPy/CNT composites were isolated by filtering
the reaction mixtures using a nylon membrane (pore size = 0.45 m), and washing
several times with Milli-Q water and methanol. The final product was dried in a vacuum
oven at 60 oC for 24 hours.

2.2.6. Electrochemical synthesis of PPy
204 mg of IC or KC powder was dissolved in 40 mL of Milli-Q by stirring for 10
minutes at 70 °C. An additional set of IC and KC in water were poured into dialysis
tubing and dialysed at 21 °C, six times against 0.2 M NaCl solutions, and then six times
against Milli-Q water (ICd and KCd) (Figure 2.5a). The volume of all carrageenan
solutions (IC, ICd, KC and KCd) was then increased to 50 mL by addition of Milli-Q
water, to which 40 mM of pyrrole was added and dissolved by stirring for 30 minutes at
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35 °C. The resulting solutions were then purged for 15 minutes with nitrogen gas in
order to remove any dissolved oxygen. The temperature of all solutions was maintained
between 0-5 °C using ice baths. PPy-carrageenan films were synthesised
galvanostatically using a two-electrode electrochemical cell, with platinum mesh and
ITO glass as auxiliary and working electrode, respectively (Figure 2.5b). Current
densities of 0.7 mA/cm2 were applied for 2 hours in order to deposit PPy-carrageenan
films onto ITO glass electrodes (Figure 2.5c). The resulting coated electrodes were
rinsed with Milli-Q water for 30 seconds immediately after synthesis to remove any
residual carrageenan or pyrrole monomer and then dried at 30 °C for 24 hours under
vacuum in oven. The resulting films (PPy-IC, PPy-ICd, PPy-KC and PPy-KCd) were
peeled off the ITO glass to yield uniform free-standing films (Figure 2.5d).

Figure 2.5: Photographs of: (a) dialysis of carrageenan, (b) electrochemical polymerization of
PPy using carrageenan as a dopant, (c) PPy-carrageenan film deposited onto ITO glass after
polymerisation and (d) PPy-carrageenan film after peeled off from the ITO glass.
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2.2.7. Preparation of carrageenan-CNT dispersions
Solutions of IC (0.8% w/v) and KC (0.5% w/v) were prepared by adding 120 mg and 75
mg, respectively, of IC and KC to 15 mL of Milli-Q water while stirring on a hot plate
stirrer for 3 hours at 70 °C. Homogenous carrageenan-CNT dispersions were prepared
by sonicating up to 50 minutes using the sonicator under conditions described in section
2.2.3.

2.2.8. Preparation of films by evaporative casting
Free-standing films were prepared by evaporative casting of carrageenan solutions and
carrageenan-CNT dispersions. 15 mL of carrageenan solutions and carrageenan-CNT
dispersions (Figure 2.6a) were injected into the base of cylindrical plastic containers
(polystyrene, diameter = 55 mm, Lomb Scientific) as shown in Figure 2.6b, which were
then dried in an oven at 35 °C for 24 hours. The resulting films were then peeled off the
substrate to yield uniform free-standing films (Figure 2.6c).

Figure 2.6: Photographs of: (a) carrageenan solution and carrageenan-CNT dispersion, (b) a
dispersion casted on the plastic substrate and (c) carrageenan and composite films after peeling
off from the plastic substrate.
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2.2.9. Preparation of buckypapers by vacuum filtration
Carrageenan-CNT dispersions were fabricated into buckypapers using a vacuum
filtration method. Prior to filtration; the carrageenan-CNT dispersions were diluted with
Milli-Q water to 50 mL and inverted twice to ensure complete mixing.

The dispersions were drawn through a PTFE membrane filter (pore size = 5 μm) on a
filtration unit (Millipore, diameter = 37 mm) using a vacuum pump (Vacuubrand
CVC2) operating between 30 and 40 mBar (Figure 2.7a).

Once all of the dispersion had filtered, the buckypaper was washed with 100 mL of
Milli-Q water followed by 5 mL of methanol. After washing, the damp buckypaper was
placed between absorbent paper sheets with small flat glass dish (diameter 50 mm,
Lomb Scientific) placed on top and left to dry for 24 hours at 21 °C. The buckypaper
was then peeled off the filtration membrane (Figure 2.7b).

Figure 2.7: Photographs of: (a) the vacuum filtration unit and (b) a typical buckypaper
produced in this study.
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2.2.10. Inkjet printed tracks of IC-CNT dispersions
2.2.10.1. Ink preparation
Solutions of IC (0.8% w/v) were prepared as described in section 2.2.1. Homogenous
IC-CNTs dispersions of SWNTs and MWNTs were prepared by sonicating for 20 and
35 minutes, respectively using the sonicator as described in section 2.2.3 Prior to
printing, the inks were filtered through a glass micro-fiber (GMF) syringe filter (pore
size = 3.2 µm) in order to remove aggregates.

2.2.10.2. Inkjet printing
IC-CNT rectangular patterns were jetted using an inkjet printer custom-built at the
University of Wollongong [263]. This printer consists of piezo Xaar 126-80 industrial
printheads, with 126 nozzles, each jetting 80 pL drops at up to 5,200 Hz (Figure 2.8a).
Rectangular patterns (one layer, 17 mm × 60 mm) were printed onto glass (microscope
slide, Sigma Aldrich, Lot # S8902) and free-standing IC biopolymer substrates
(thickness = 45 µm) prepared by evaporative casting (35 °C for 24 hours) of IC solution
(0.8% w/v) followed by drying in an oven at 35 °C for 24 hours (Figure 2.8b and c).

Figure 2.8: (a) A custom-built inkjet printer and (b and c) images of printed patterns on glass
and IC film substrates, respectively.
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2.2.11. Extrusion printed tracks of IC-MWNT and glycerin-MWNT
dispersions
2.2.11.1. Ink preparation of IC-MWNT dispersions
Solutions of IC (1.5% w/v) were prepared by adding 1.5 mg of IC to 100 mL of MilliQ water with stirring for 3 hours at 70 °C on a hot plate using a magnetic stir bar.
Homogenous IC-MWNT dispersions (1 mg/mL) were prepared by sonication for 20
minutes using the sonicator as described in section 2.2.3. 10 mL of (as prepared)
unsonicated IC solution (1.5% w/v) was added to the dispersion (to increase the
viscosity) and mixed using a homogenizer (Wise Mix HG-15D, speed of 3000 rmp) for
10 minutes. Further thickening of the dispersion was performed by evaporation of the
water in an oven.
2.2.11.2. Ink preparation of glycerin-MWNT dispersions
Solutions of glycerin (30% v/v) were prepared by adding 4.5 mL of glycerin to 15 mL
of Milli-Q water with stirring for 1 hour at 50 °C. Glycerin-MWNT dispersions were
prepared by adding 15 mg MWNT to the aforementioned mixture, followed by
sonication for 20 min using the sonicator as described in section 2.2.3. Thickening of
the dispersion was performed by evaporation of the water using an oven.

2.2.11.3. Extrusion printing
IC-MWNT and G-MWNT inks were extruded using a syringe printer custom-built at
the University of Wollongong [64]. The printer consists of a gas pressure controller
(EFD Ultimus I, under Nitrogen), connected to a syringe assembly (3 cc syringe with
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luer lock 100 μm stainless steel tips), strapped to the vertical axis of a CNC three
dimensional stage (Sherline 8020 CNC 8-Direction Vertical Mill) (Figure 2.9a).
Conductive patterns were printed onto glass (microscope slide), IC gel films (section
2.2.8) and transparent PET sheets (Figure 2.9b, c and d, respectively).

Figure 2.9: Images of: (a) the custom-built syringe extrusion printer and (b, c and d) ICMWNT ink printed on glass, IC film and transparent PET sheet, respectively.

2.3. Characterisation Techniques
2.3.1. Spectroscopy
UV-visible-NIR absorbance spectra were obtained between 180 nm and 1300 nm with a
UV-vis-NIR spectrophotometer (Cary 500) using a quartz cuvette (path length = 5 mm)
(Figure 2.10a). The stability of dispersion was measured using a UV-vis spectrometer
(Cary 50) by acquiring the absorbance at 700 nm over 24 hours (Figure 2.10b). Samples
were diluted as required.
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Figure 2.10: Photographs of: (a) the Cary 500 UV-vis-NIR spectrophotometer and (b) Cary 50
UV-vis spectrometer.

Circular dichroism spectroscopy (CD) was carried out using a spectropolarimeter (Jasco
J-810) equipped with a temperature controller (Jasco CDF-426S) and an N2 flow
enhancer (Figure 2.11a). CD spectra were obtained between 184 - 250 nm with a scan
rate of 100 nm/min, N2 gas flow rate of 50 mL/min and temperature range of 10 - 70
°C using a CD-matched quartz cuvette (path length = 2 mm). Raman spectra of
composite films were measured using a Raman spectrometer (Jobin Yvon Horibe
HR800) (Figure 2.11b). The spectra were measured between 100 and 1800 1/cm using a
633 nm laser source with a 950 line diffraction grating.

Figure 2.11: Photographs of: (a) the Jasco J-810 spectropolarimeter equipped with a Jasco
CDF-426S temperature controller and (b) a Jobin Yvon Horibe HR800 Raman spectrometer.
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2.3.2. Rheological measurements
Rheological testing was conducted using a rheometer (Anton Paar–Physica, MCR 301)
working with a probe head (diameter = 50 mm, cone 1o angle) at 21 °C and using
Rheoplus (version 3.0X) software (Figure 2.12). The temperature is controlled using a
Peltier heating system and the motion of the instrument is controlled using compressed
air. Carrageenan solutions and CNT dispersions were analysed using flow curves
(viscosity and shear stress vs. shear rate) and oscillatory strain sweeps in order to
measure the dynamic modulus.

Figure 2.12: Photograph of the Physica MCR 301 Rheometer (Anton Paar) showing the
measuring cone.

2.3.3. Optical rotation measurements
The optical rotation was measured at different temperatures (15, 25 and 40 °C) using a
digital polarimeter (JASCO P-2000) (Figure 2.13), and a cylindrical glass cell (path
length =100 mm). Prior to measurements air bubbles were removed by tilting or rotating
the cell.
65

2 Experimental Details

Figure 2.13: Photographs of a JASCO P-2000 digital polarimeter. Sample compartment is
temperature controlled by a Peltier heating system.

2.3.4. Thickness and profiling
The thickness of films was measured using a digital micrometer (Mitutoya IP65)
(Figure 2.14a). Five separate points on each film were measured and averaged to
provide a mean thickness and standard deviation. For the printed tracks on various
substrates, the thickness was determined using a contact profilometer (Veeco Dektak)
150 with a 12.5 μm tip and 5.00 mg force (Figure 2.14b).

Figure 2.14: (a) a Mitutoya IP65 digital micrometer used to measure the thickness of films and
(b) a Veeco Dektak 150 profilometer for measuring the thickness of printed tracks.
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2.3.5. Electrical conductivity measurements
The electrical resistance of films was evaluated using two-point and four-point probe
techniques. Current (I) - voltage (V) characteristics were determined with a two-point
probe technique under controlled conditions in air (21 °C , 45% RH) with a waveform
generator (Agilent 33220A) and a digital multimeter (Agilent 34410A). For resistance
measurements, films were cut into strips of 0.2 - 0.5 cm in width and lengths of up to 4
cm. The end pieces were then connected to pieces of copper tape (3M) on a glass
microscope slide (Figure 2.15a). Resistance measurements were made as a function of
film length (l) by cutting the end of the strip, contacting with copper electrodes,
remeasuring the I-V characteristic and repeating. The resistance was calculated by using
Ohm‟s law (V=IR). By taking the contact resistance into account, the total resistance
(RT) was found to scale linearly with conductivity according to:
(

)

where l, A, σ and RC are the sample‟s length, cross-sectional area, electrical conductivity
and contact resistance, respectively. From Equation 2.1 and by knowing the sample
thickness and width, the conductivity (σ) can be determined.

The sheet resistance (Rs) of deposited carrageenan-PPy films, prepared by the
electrochemical polymerisation method, was determined by the four -point technique
under controlled conditions in air (21 °C , 45% RH) using a Jandel four-point probe
head (Figure 2.15 b). The conductivity (σ) was then calculated using:
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where Rs and t are the sheet resistance and thickness, respectively.

Figure 2.15: Photos of: (a) the sample configuration used to contact strips of film for electrical
measurements using a two-point probe technique and (b) the four point probe instrument.

2.3.6. Microscopy
The dispersions, and also composite printed tracks, were imaged using an optical
microscope (LEICA Z16 APO) fitted with a digital camera (LEICA DFC280) (Figure
2.16a). The images were acquired using the Leica Application Suite (version 3.1.0 R1)
software. Dispersions were dropped onto glass slides and printed tracks were images on
their substrates. Images were typically acquired using 20× and 50× magnification.

Scanning electron microscope (SEM) images were acquired using a JEOL JSM-7500FA
(Figure 2.16b). Samples were prepared by mounting small pieces of films onto a brass
stub (11 mm × 5 mm) using double-sided conductive carbon tape. When required,
samples were coated with a thin platinum layer using an Edwards AUTO 306 Sputter
system.
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Figure 2.16: Photographs of: (a) a LEICA Z16 APO optical microscope fitted with a digital
camera and (b) a JEOL JSM-7500FA scanning electron microscope.

2.3.7. Contact angle determination
The contact angles of all samples were measured using the sessile drop method and a
goniometer (Data Physics SCA20) fitted with a digital camera (Figure 2.17a). The
contact angles of 1μl Milli-Q water droplets on the surface of the samples (Figure
2.17b) were calculated after 30 seconds using the accompanying Data Physics software
(SCA20.1). The mean contact angle was calculated based on the measurements of at
least 5 water droplets.

Figure 2.17: Pictures of: (a) a Data Physics SCA20 goniometer and (b) a Milli-Q water droplet
on the surface of the film.
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2.3.8. Tensile testing
The mechanical properties of all films were obtained by using a dynamic mechanical
analyser (DMA) Q800 (TA instruments) (Figure 2.18a). Measurements were carried out
under ambient conditions (21 °C, 45% RH) on rectangular strips (length = 10 mm and
width = 4 – 7 mm), which were placed inside a paper frame (Figure 2.18b), the sides of
which were cut prior to testing. All tests were carried out at a cross-head speed of 0.1
mm/min. Young‟s modulus (E), strain-at-break (γ), toughness (T) and tensile strength
(TS) were determined from the slope of the linear part of the stress-strain curve, the
maximum strain, the area under the stress-strain curve and the maximum stress,
respectively.

Figure 2.18: Pictures of: (a) dynamic mechanical analyzer Q800 and (b) preparation of the
specimen prior the measurement.

2.3.9. Thermal stability measurements
Thermogravimetric measurements were obtained using a thermal gravimetric analyser
(TGA) Q500 (TA instrument) (Figure 2.19a). An amount of ~5 mg of each sample was
placed into a platinum pan (Figure 2.19b) and heated from 25 °C to 1000 °C at a heating
rate of 2 °C /min and a flow rate of 90 mL/min in air.
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Figure 2.19: Photos of: (a) a thermal gravimetric analyzer Q500 and (b) a platinum sample pan
which was used to hold the samples inside the furnace.

2.3.10. Cyclic voltammetry
Cyclic voltammograms (CV) were carried out at 21 °C using a Model 363 Princeton
Applied Research Potentiostat/Galvanostat and eDAQ Model 401 E-corder and eDAQ
Chart software (version 5.2.11). A triangular potential waveform was apply to the cell,
cycled at a scan rate of 50 mV/s between a +300 mV upper and –700 mV lower
potential at the working electrode, versus the Ag/Ag+ reference electrode. A current was
passed between the working (conductive film) and auxiliary (platinum mesh) electrodes
and the imposed potential was measured (Figure 2.20).

Figure 2.20: Three electrode group for cyclic voltammogram cell: reference, working and
auxiliary electrodes.
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2.3.11. Elemental analysis
Elemental analysis (C, H, N, S) on composite and starting materials (IC, KC and
MWNT) was carried out by the Campbell Microanalytical Laboratory at the University
of Otago, New Zealand, to determine the elemental composition (C, H, N, S) which was
then used to calculate the percentage (%) of carrageenan, PANi and MWNTs in the
composite films. The amount of carrageenan was calculated from the percentage of
sulphur in the composition and the amount of PANi was calculated from the percentage
of nitrogen in the composition. This was possible because carrageenan and PANi were
the only sources of S and N, respectively. Furthermore, the MWNT content was
calculated as the remaining substance which was neither carrageenan nor PANi.

2.3.12. Sensing properties
Sensing properties of the KC-CNT films were investigated using a custom-build system
at the University of Puerto Rico, USA [264]. The films are connected in series to a
known resister (909 Ω) and a battery (4.91 V) to form a voltage-current-resistor (V-I-R)
electrical circuit as a prototype sensor. The sensitivity of the sensors was characterised
using measurements of voltage drop across the known resistor and film under different
environmental conditions, i.e. as a function of temperature and humidity, and by
exposure to different gases (H2 and CH4) at a concentration of 100 ppm in air. For all
measurements air was used as the carrier gas. The chamber volume (1000 mL) ensures
that the change of gas concentration was instantaneous, which is a prerequisite
condition for the accurate measurements of response and recovery time of the sensor.
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3 CHARACTERISATION OF CARRAGEENAN
SOLUTIONS AND FILMS
In this chapter, solutions of the biopolymers ι-carrageenan (IC) and κ-carrageenan (KC)
were prepared in order to compare the differences in their properties. Spectroscopic and
rheological measurements were performed on the carrageenan solutions to investigate
the effect of changing various physical parameters such as concentration and
temperature. Free-standing films from these IC and KC solutions were prepared by an
evaporative casting process and their surface morphology, mechanical and thermal
characteristics were studied. Prior to using IC and KC as dispersants for CNTs (chapter
4 onwards), the effect of sonolysis on the rheological and mechanical properties of both
biopolymer solutions and films were studied. This chapter is the basis for using these
biopolymers throughout this thesis. Part of this chapter is based on: Aldalbahi, A., Chu,
J., Feng, P. and in het Panhuis, M., Conducting composite materials from the
biopolymer kappa-carrageenan and carbon nanotubes. Beilstein Journal of
Nanotechnology, 2012. 3: p.415-427.

3.1. UV-visible spectroscopy of solutions
Solutions of IC and KC at 0.2, 0.4, 0.6, 0.8 and 1.0% w/v were prepared by dissolving
30, 60, 90, 120 and 150 mg of IC or KC powder, respectively, in 15 mL of Milli-Q
water as described in section 2.2.1. The UV-visible absorption spectra of IC and KC
solutions at various concentrations were obtained using the conditions described in
section 2.3.1. Figure 3.1a and b show that both IC and KC exhibit a single band at 187
nm, which increases in intensity with increasing concentration. For example, the
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intensity at 187 nm of a 1.0% w/v IC solution has increased by 319% compared to the
intensity at 0.2% w/v. Insets in Figure 3.1a and b show that the absorbance at 200 nm
increases linearly with carrageenan concentration; this wavelength was chosen as the
187 nm band shifts slightly with increasing concentration. The extinction coefficient (ε)
was obtained calculated using the Beer-Lambert Equation:

where A, C and l indicate the measured absorbance, sample concentration and cuvette
path length, respectively. The extinction coefficient for IC and KC are ε = 1.22 ± 0.10
mg/mL.cm and ε = 1.83 ± 0.13 mg/mL.cm, respectively (insets in Figure 3.1a and
b).This indicates that, at the same concentration (1.0% w/v) and solution temperature
(21 °C) the absorbance of IC (1.0% w/v) is 67% of the absorbance of KC (1.0% w/v).

Figure 3.1: Effect of increasing the concentration of: (a) IC solution and (b) KC solution on the
UV-vis absorption spectrum (measured at 21 °C). Insets: plot of absorbance at 200 nm versus
concentration for IC and KC solutions, respectively. The top of the peak for 1% w/v KC was
omitted due to the limitation of absorbance recorded by the instrument. Straight lines are fits to
Equation 3.1.
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The UV-vis spectra of IC and KC solutions were measured as a function of temperature
(Figure 3.2). The intensity of the absorbance at 200 nm increased with increasing
solution temperature. For example, the absorbance at 200 nm for IC solution increases
from 0.46 to 0.62 au between 10 oC and 70 oC (Figure 3.2a). In addition, the rate of
increase is larger for KC than IC, as the insets in Figure 3.2a and b show.

Figure 3.2: Effect of increasing the temperature of: (a) IC solution and (b) KC solution on the
UV-vis absorption spectrum (at 0.8% w/v). Insets: increase of absorbance at 200 nm with
increasing temperature of IC and KC solutions, respectively. The top of the peak for KC at 70
°C was omitted due to the limitation of absorbance recorded by the instrument. Straight lines are
fits to the data.
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3.2. CD spectroscopy of solutions
It is well known that polysaccharides are optically active and undergo disorder-order
transitions [36, 252]. By measuring the CD spectra of typical IC and KC solutions
(0.8% w/v) at various temperatures (10 - 70 °C) and sonication time (0 - 35 minutes),
this optical activity can be studied. Results were obtained using the conditions described
in section 2.3.1. The CD spectra of typical IC and KC solutions (0.8% w/v) are shown
in Figure 3.3.

Previous investigations utilizing a vacuum ultraviolet CD spectrometer (operating
between 150 and 200 nm) revealed that the spectrum of IC at room temperature consists
of two bands, positive and negative at 165 and 180 nm, respectively [265]. These bands
can be attributed to the presence of the polymer‟s helical structure [265-267].

However, despite our experimental limitations, the results in Figure 3.3 clearly show
that both samples are optically active. Increasing the temperature of IC and KC
solutions resulted in the CD band shifting to a different wavelength and a different
intensity of this band (Figure 3.3a and b). For example, a typical KC solution (0.8%
w/v) displays a band at 190 nm which shifted to 195 nm by increasing the solution
temperature from 10 °C to 70 °C, respectively. This change is indicative of a
conformational change from helical to random coil structure, as previously suggested
[252, 268]. Further evidence for this transition was gathered using the specific optical
rotation values and rheological testing which are presented in sections 3.3 and 3.4.


It was not possible to record data below 184 nm due to the experimental limitations of our CD
instrument. To do this a vacuum–ultraviolet CD instrument is required [252, 265,266].
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Figure 3.3: Effect of the change of temperature on CD spectra for (a) IC (0.8% w/v) and (b) KC
(0.8% w/v) solutions.

3.3. Optical rotation of solutions
The optical rotation at different temperatures (15, 25 and 40 °C) and various
concentrations was measured, as described in section 2.3.3. The obtained results are
shown in Table 3.2 and Figure 3.4. Optical rotation is defined as the angle by which the
plane of polarization rotates when polarized light passes through the sample being
measured. Optical rotation itself cannot be used to gain insight into the change in
conformations, as it does not account for the effect of concentration, but can be
converted to specific optical rotation [α] as follows:
[ ]

( )
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where , c and l are the sample‟s optical rotation, concentration and cell length,
respectively. This fundamental value can be used to determine a change in conformation
in the biopolymer solutions, by realising that a decrease represents a change from
ordered to disordered states [266, 269, 270].

Table 3.2 and Figure 3.4 show that an increase in the concentration results in an
increase in the specific optical rotation values of IC solution. For example, the specific
optical rotation value for IC (0.2% w/v) at 15 °C was 46.6° compared to 48.6° for the
IC (1.0% w/v) solution at the same solution temperature (15 °C). In addition, no
significant variation in the specific optical rotation values with temperature increasing
to 40 °C was observed for IC solution at concentration between 0.2 - 1% w/v. These
results indicate that, for temperatures up to 40 °C, the IC macromolecules adopt a
random coil conformation for concentrations below 1% w/v.

In contrast, the specific optical rotation for KC solutions increased with increasing
solution concentration. For example at 15 °C, the specific optical rotation of KC (0.2 %
w/v) is 52.6°, which increased linearly to 98.3° for concentration up to 0.8 % w/v
(Table 3.1 and Figure 3.4). Increasing the KC solution temperature resulted in a
decrease in the specific optical rotation values for each specific concentration (Table
3.1). For example, the specific optical rotation for KC (0.8% w/v) at 15 °C was 98.3°,
which decreased to a value of 49.8° at 40 °C (Table 3.1). This result was in agreement
with previous observations, i.e. increasing the solution temperature resulting in a
decrease in the optical rotation value [271, 272].
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The KC (1.0% w/v) solution exhibited significantly higher specific optical rotation
compared to KC solutions at lower concentrations. These high values sharply decreased
upon heating. For example, at 15 °C the specific optical rotation value for KC (1.0%
w/v) was 383.37°, which decreased to 52.5° at 40 °C (Table 3.1). Higher specific
optical rotation value with increasing concentration indicates random coil to helical
conformation change, while increasing temperature of solution (at constant
concentration) result in helical to random conformational change [252, 268]. By
combining these findings with results from section 3.2, it is evident that the change in
the CD intensity for IC is not due to a conformational change; rather, it is the effect of
increasing the solution temperature. In addition, these results confirmed that a
conformational transition was being observed for KC solution.

Table 3.1: Optical rotation and specific optical rotation values of IC solutions and KC solutions
at different concentrations and temperatures.
Solution

IC

KC

Concentration

Optical rotation (°)

Specific optical rotation (°)

(% w/v)

15 °C

25 °C

40 °C

15 °C

25 °C

40 °C

0.2

0.093

0.094

0.093

46.65

46.75

46.65

0.4

0.177

0.177

0.176

44.35

44.35

44.08

0.6

0.279

0.279

0.274

46.42

46.42

45.63

0.8

0.384

0.387

0.383

47.96

48.42

47.89

1.0

0.487

0.467

0.464

48.65

46.74

46.36

0.2

0.105

0.103

0.099

52.63

51.6

49.41

0.4

0.309

0.211

0.205

77.43

52.85

51.35

0.6

0.493

0.317

0.302

82.23

52.93

50.46

0.8

0.786

0.469

0.398

98.29

58.71

49.83

1.0

3.833

2.764

0.524

383.37

276.48

52.46
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Figure 3.4: Specific optical rotation at 15 °C for IC (diamonds) and KC (triangles) solutions at
different concentrations. The straight lines are fits to Equation 3.2.

3.4. Rheology of solutions
3.4.1. Influence of concentration on the viscosity
The viscosity of carrageenan solutions was measured as a function of shear rate
concentrations between 0.2% w/v and 1.2% w/v at 21 °C (see section 2.3.2 for
experimental procedures). All IC and KC solutions displayed shear thinning behaviour
(Figures 3.5a and 3.6a), i.e. the viscosity (η) decreases with increasing shear rate ( ̇ )
which could be fitted to the well known power-law model [273-275],
̇
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where K and n indicate the „consistency‟ and power law index, respectively. Figure 3.5a
shows that the viscosity (shear rate 10-100 s-1) of IC solutions increased with increasing
concentration. For example, the apparent viscosity of IC solution (at shear rate 21 s-1) at
a concentration of 0.2% w/v was 14 ± 1 mPa.s compared to 93 ± 3 mPa.s at 1.2% w/v
concentration. The „consistency‟ of IC increased from 19 ± 1 mPa.sn to 155 ± 3 mPa.sn
as the concentration was increased from 0.2 to 1.2% w/v, respectively (Table 3.2). Thus,
it is clear that by increasing the concentration there is an increase in apparent viscosity
and consistency. This can be attributed to an increase in interaction between polymer
chains with increasing concentration [276, 277]. These results are consistent with many
other polysaccharides [277, 278] and polymers in general [279].

The relation between shear stress (τ) and shear rate for IC solution at different
concentrations is shown in Figure 3.5b. It can be seen that the IC solutions of varying
concentration exhibit a yield point, i.e. these solutions only flow when a certain amount
of force is applied. This point can be determined using modulus such as the Bingham
model [64, 275]:
̇
where and

indicate the Bingham yield point and Bingham flow coefficient,

respectively. Although, the values obtained using the Bingham model are dependent on
the shear rate range, it provides a good approximation for the determination of yield
points [275].

Table 3.2 shows that, the Bingham yield point and Bingham flow coefficient values
significantly increased with concentration. For example, the Bingham yield point of the
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IC solution (0.2% w/v) was 0.05 ± 0.01 Pa compared to 0.53 ± 0.03 Pa at increased
concentration (1.2% w/v). Thus, it is clear that raising concentration results in an
increase in Bingham yield point and Bingham flow coefficient values. Similar
behaviour was obtained for other water soluble polymers such as poly(3,4ethylenedioxythiophene)/poly(sodium 4-styrene-sulfonate) [64].

The viscosity of carrageenan solutions has been found to depend on the concentration,
temperature and the molecular weight [242, 243]. High viscosity may be caused by two
different mechanisms (i) physical interaction between the linear chains i.e. the increase
of the macromolecule concentration allows a major interaction between chains (which is
observed in this study) and (ii) formation of physical gel caused by cross linking
between chains [242, 243, 276].

Figure 3.5: Effect of increasing concentration (in 0.1% w/v increments) on (a) the viscosity and
(b) the shear stress versus shear rate of IC solutions. All samples were measured at 21 oC. The
lines in (a) and (b) are fits to Equations 3.3 and Equation 3.4, respectively.
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Table 3.2: Summary of flow curve analysis for IC solutions at different concentrations.
Consistency index (K) and power law index (n) values were obtained through curve fitting with
the power law model (Equation 3.3). Bingham yield point (B) and Bingham flow coefficient
(B) values were obtained using the Bingham model (Equation 3.4). η21 represent the measured
viscosity at shear rate 21 s-1.Values for all solutions were obtained at a shear rate range of 10100 s-1 and 21 °C.

Solution C (%w/v)

IC

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

K (mPa.sn)
19 ± 1
30 ± 1
38 ± 1
40 ± 2
49 ± 2
66 ± 2
75 ± 2
91 ± 3
112 ± 3
123 ± 3
155 ± 3

n
0.93 ± 0.01
0.89 ± 0.01
0.89 ± 0.01
0.99 ± 0.01
0.89 ± 0.01
0.89 ± 0.01
0.89 ± 0.01
0.89 ± 0.01
0.87 ± 0.01
0.88 ± 0.01
0.86 ± 0.01

B (Pa)

(Pa.s)

0.05 ± 0.01
0.08 ± 0.01
0.10 ± 0.01
0.11 ± 0.01
0.13 ± 0.01
0.19 ± 0.01
0.22 ± 0.01
0.27 ± 0.01
0.35 ± 0.02
0.40 ± 0.02
0.53 ± 0.03

0.014 ± 0.001
0.017 ± 0.001
0.022 ± 0.001
0.027 ± 0.001
0.030 ± 0.001
0.038 ± 0.001
0.044 ± 0.001
0.052 ± 0.001
0.058 ± 0.001
0.068 ± 0.001
0.077 ± 0.001

η21 (mPa.s)
14 ± 1
19 ± 1
25 ± 2
30 ± 2
38 ± 3
47 ± 2
53 ± 3
63 ± 2
73 ± 3
85 ± 3
93 ± 3

The flow behaviour of KC solutions as a function of concentration is shown in Figure
3.6 and Table 3.3. Figure 3.6a show that the apparent viscosity of KC solution increased
as the concentration increased. For example, the apparent viscosity of KC solution (at
shear rate 21 s-1) at a concentration of 0.2% w/v was 17 ±1 mPa.s compared to 3190 ±
17 mPa.s at 1.2% w/v concentration. This increase is 40 times larger than that for IC.
The „consistency‟ of KC also saw an increase from 33 ± 1 mPa.sn to 21890 ± 48 mPa.sn
as the concentration was increased from 0.2 to 1.2% w/v, respectively (Table 3.3).

In addition, an increase in concentration results in an increase in Bingham yield point
and Bingham flow coefficient values as was seen for IC (Figure 3.6b). For example, the
Bingham yield point of the KC solution (0.2% w/v) was 0.11 ± 0.01 Pa compared to
46.08 ± 0.54 Pa at increased concentration (1.2% w/v) as shown in Table 3.3. This
contrasts the increase in IC which was 95 times smaller.
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Figure 3.6: Effect of increasing concentration (in 0.1% w/v increments) on (a) the viscosity and
(b) the shear stress versus shear rate of KC solutions. All samples were measured at 21 °C. The
lines in (a) and (b) are fits to Equations 3.3 and Equation 3.4, respectively.

The power law index (n) is a measure of the non-Newtonian behaviour [274]. Solvents
such are water and benzene, are Newtonian (n =1), i.e. viscosity is independent of shear
rate. However, most polymer solutions are non-Newtonian (n < 1) [274, 276]. IC is a
biopolymer solution where chains are not interacting that much with each other, hence
the n value was close to one (~ 0.9) indicating that IC exhibits flow properties with a
low shear thinning extent (Table 3.2). On the other hand, KC solutions with
concentration < 0.5% w/v have power index values of ~0.8. However, for higher
concentration the solutions become more shear thinning (n decreases), and thicker (K
increases) (Table 3.3).
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Table 3.3: Summary of flow curve analysis for KC solutions at different concentrations.
Consistency (K) and power law index (n) values were obtained through curve fitting with the
power law model (Equation 3.3). Bingham yield point (B) and Bingham flow coefficient (B)
values were obtained using the Bingham model (Equation 3.4). η21 is the measured viscosity at
shear rate 21 s-1.Values for all solutions were obtained at a shear rate range of 10-100 s-1 and
21°C.
Solution

KC

C
(%w/v)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

K (mPa.sn)

n

33 ± 1
36 ± 1
94 ± 1
637 ± 1
2158 ± 2
6725 ± 9
14030 ± 12
17718 ± 16
20506 ± 42
21058 ± 32
21890 ± 48

0.79 ± 0.01
0.85 ± 0.01
0.74 ± 0.01
0.46 ± 0.01
0.30 ± 0.01
0.16 ± 0.01
0.11 ± 0.01
0.21 ± 0.01
0.24 ± 0.01
0.32 ± 0.01
0.33 ± 0.01

B

(Pa)

0.11 ± 0.01
0.11 ± 0.01
0.37 ± 0.01
1.88 ± 0.05
4.49 ± 0.06
9.87 ± 0.05
18.53 ± 0.18
29.79 ± 0.39
41.08 ± 0.89
45.78 ± 1.21
46.08 ± 0.54

(Pa.s)
0.012 ± 0.001
0.018 ± 0.001
0.025 ± 0.001
0.037 ± 0.001
0.044 ± 0.001
0.044 ± 0.001
0.047 ± 0.001
0.173 ± 0.006
0.279 ± 0.015
0.462 ± 0.019
0.529 ± 0.008

η21
(mPa.s)
17 ±1
23 ±1
42 ±1
124 ± 4
254 ± 5
516 ±5
919 ±7
1560 ± 9
2180 ±8
2540 ± 13
2690 ± 17

In the dilute (low polymer concentration) region, the polymer chains do not interact,
while in the semi-dilute (high polymer concentration) region, the chains interact with
each other [252, 280, 281]. IC solutions in the studied concentration range (0.2% w/v to
1.2% w/v) are considered to be in a dilute solution (Figure 3.7a). However, the KC
solution displays a dilute-semi-dilute transition at 0.5% w/v (Figure 3.7b).

This

difference in the behaviour between IC and KC in water may be attributed to the
difference in sulphate contents (25% and 32% for IC and KC, respectively [249]) which
would hence cause an increase in the electrostatic repulsion between the two sulphate
groups on the polysaccharide backbone in IC compared to the one sulphate group in the
KC structure [252, 277, 282], see also Figure 1.18 in section 1.4.1.
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Figure 3.7: Viscosity at shear rate 21 s-1 as a function of concentration for IC (a) and KC (b) at
21 oC. Continuous and dashed lines indicate the dilute and semi-dilute regions, respectively.

It is well known that dynamic modulus measurements can be used to determine the state
of a solution, i.e. gel-like or liquid-like. Viscous behaviour is indicated by greater loss
modulus (G˝) than the storage modulus (G΄) in the linear viscoelastic (LVE) region,
while the opposite, i.e. G΄ > G˝ is indicative of gel-like behaviour [57, 270]. The LVE
region is the starting part of a stress–strain curve where stress is independent to strain
i.e. no irreversible changes to the material are made within this region. The IC solutions
exhibited higher G˝ values than those G΄ across the range of concentrations studied (0.2
- 1.2% w/v) which indicates solution-like behaviour (Figure 3.8a-f). As expected, by
increasing the concentration, the loss modulus linearly increased (Figure 3.8g) which
indicated that the solution was becoming more viscous, which supports the apparent
viscosity data (Figure 3.7a). The loss factor (tan δ = G˝/G΄) was measured as a function
of concentration at a fixed shear strain (1.47%). Tan δ values of larger than 1 indicate
solution-like behaviour, which was observed for all IC concentrations (Figure 3.8h).
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Figure 3.8: (a-f) the dynamic moduli of IC at varying concentration (g) loss modulus of IC
versus solution concentration (in 0.1% w/v increments) at 1.47% shear strain and (h) tan δ
versus concentration for IC at 1.47% shear strain. All samples were measured at 21 °C. The
straight line in (g) indicates the rate of increase.

In contrast, KC solutions exhibit different behaviour. Up until concentration of 0.5%
w/v all solutions exhibit G΄ values which are lower than those G˝, which indicates
solution–like behaviour. The opposite, i.e. G΄ > G˝ is observed for concentrations above
0.5% w/v, and these solutions display gel-like behaviour (Figure 3.9a-i). Similar to IC,
increasing the concentration, both the loss and storage modulus increased (Figure 3.9j
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and inset). This shows that there are two distinct rates of increase and is in support of
the viscosity data (Figure 3.7b). The loss factor (tan δ) at a fixed shear strain (1.47%)
was greater than 1 for concentrations below 0.5% w/v (Figure 3.9k). This Figure
indicates that the sol-gel transition occurs at a concentration of 0.5% w/v.

Figure 3.9: (a - i) the dynamic moduli of KC at varying concentration and (j) loss modulus of
KC versus solution concentration at 1.47% shear strain. Inset: storage modulus of KC versus
solution concentration at 1.47% shear strain. (k) Tan δ versus concentration for KC at 1.47%
shear strain. All samples were measured at 21 °C. The straight line in (j) indicates the rate of
increase at the lower concentration.
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Further analysis can be carried out on the rheology data for the KC solutions exhibiting
gel-like behaviour (G΄ > G˝). By examining the LVE region, the physical nature of the
gel at increasing concentrations (0.6% w/v to 1.2% w/v) may be derived. Figure 3.10a
shows the shear strain at the end of the LVE region for increasing concentration. This
maximum shear strain value gives an indication of where the polymer network starts to
break down. As can be seen, this value decreases for increasing concentration,
indicating that the KC is becoming more brittle with increasing concentration, i.e. at
0.6% w/v the maximum shear strain value is 49%, whereas at 1.2% w/v, it has
decreased to just 3%. In addition, it can be seen that the shear stress at the end of the
LVE region increases linearly with increasing concentration until it reaches 1.0% w/v;
from this point onwards, the shear stress value ceases to increase (Figure 3.10b). This
leveling off corresponds to the formation of a physical gel at 1.0% w/v, which is also
evident from Figure 3.11b.

Further support for the gel-like behaviour can be found by analysing the behaviour of
shear modulus. The shear modulus (G) may be calculated from the storage (G΄) and loss
(G˝) modulus values using the following Equation:
√
Figure 3.10c shows that the shear modulus increases as the biopolymer concentration
increases. For example, as the concentration of KC solution is increased from 0.6% w/v
to 1.2% w/v, the shear modulus value increased 34-fold. This suggests that, as the
concentration becomes greater, KC is becoming more gel-like.
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Figure 3.10: Concentration versus (a) shear strain and (b) shear stress for G΄ at the end of LVE
region for KC. (c) Concentration versus shear modulus. This data is for the KC solutions
exhibiting gel-like behaviour (i.e. where G΄ > G˝). Arrows indicate trend with concentration.

The above results show that KC undergoes a dilute to semi-dilute transition, which also
coincides with sol-gel transition. However, at 21 oC, a physical gel is not formed for
concentrations < 1.0% w/v (Figure 3.11b), whereas concentrations above 0.5% w/v
behave like gels, i.e. G΄ > G˝. On the other hand, IC is shown to behave like a solution
at concentrations up to 1.0% w/v (Figure 3.11a). It is likely that KC solution at the
higher concentrations was forming a gel due to the effect of polymer entanglement, i.e.
the concentration of the viscous KC is above the coil overlapping concentration [271,
275, 281, 283].
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Figure 3.11: Effect of varying concentration on the gel-like behaviour of (a) IC and (b) KC
solutions. Red lines indicate where the solution is present in the vials. In (b), KC at 1.0% w/v
has clearly gelled.

3.4.2. Influence of temperature on the viscosity
It is well known that the viscosity of polymer solution is dependent on temperature
[242, 243]. The viscosity was measured as a function of shear rate for IC and KC
solutions (0.8% w/v) at in temperature range 10 °C - 70 °C (Figure 3.12a-d and Table
3.4).

It can be seen that apparent viscosity and consistency values of IC solution decrease
with increasing solution temperature while, on the other hand, the power-low index
value is increased. For example, the „consistency‟ of IC decreased from 99 ± 2 mPa.sn
to 27 ± 1 mPa.sn as the temperature was increased from 10 to 70 °C, respectively
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(Table 3.4). Thus, increasing the temperature results in solutions which are thinner (K
decreases) and less shear-thinning (n increases). In fact, at higher temperature IC
solutions are almost a Newtonian fluid (n~1).

Similar observations were made for the Bingham parameters (Equation 3.4). For
example, the Bingham yield point of the IC solution (10 °C) was 0.34 ± 0.01 Pa
compared to 0.04 ± 0.01 Pa at increased temperature (70 °C). Thus, it is clear that
raising the temperature results in a decrease in Bingham yield point and Bingham flow
coefficient values. These results are expected as increasing the solution temperature
supplies more energy to the system which hence, increases the entropy and allows for
more motion of the polymer chains [252, 268]. This accounts for the decreased apparent
viscosity values and resistance to shear stress.

Similar behaviour was observed for KC solutions (0.8% w/v) at varying temperatures
(Figure 3.12b-d and Table 3.4), i.e., the apparent viscosity, consistency and the
Bingham parameters values of KC solution decrease with increasing solution
temperature while the power-low index value is increased (Table 3.4). The decrease in
apparent viscosity at increasing temperatures is more dramatic than was seen for IC, i.e.
K increases by 3 orders of magnitude by increasing temperature from 10 °C to 40 °C.
Similar to IC, increasing the temperature results in a solution which is thinner (K
decreases) and less shear-thinning (n increases).
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Figure 3.12: Effect of increasing temperature on (a and c) the viscosity of IC and KC
solutions (0.8% w/v), respectively, and (b and d) the shear stress versus shear rate of IC
and KC solution, respectively, at different temperatures. The lines in (a and c) and (b
and d) are fits to Equations 3.3 and 3.4, respectively.

The viscosity behaviour of IC and KC the polymer solutions at varying temperature are
shown in Figure 3.13. The KC solution displays a sol-gel transition at 35 °C., whereas
IC does not. This can be attributed to the fact that at KC 0.8% w/v concentration is
above the dilute-semi-dilute transition at 21 oC, as discussed above in section 3.4.1.
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Table 3.4: Summary of flow curve analysis for IC and KC solutions (0.8% w/v) at different
temperatures. Consistency (K) and power law index (n) values were obtained through curve
fitting with the power law model (Equation 3.3). Bingham yield point ( B) and Bingham flow
coefficient (B) values were obtained using the Bingham model (Equation 3.4). Values for all
solutions were obtained at a shear rate range of 10-100 s-1.
Solution

IC

KC

T (°C)
10
15
21
25
30
35
40
50
70
15
21
25
30
35
40
70

K (mPa.sn)
99 ± 2
85 ± 2
76 ± 2
53 ± 1
48 ± 1
43 ± 1
42 ± 1
34 ± 1
27 ± 1
11773 ± 4
14030 ± 3
10529 ± 3
1863 ± 5
114 ± 2
59 ± 1
30 ± 1

n
0.882 ± 0.001
0.891 ± 0.001
0.889 ± 0.002
0.942 ± 0.002
0.947 ± 0.002
0.947 ± 0.002
0.947 ± 0.001
0.962 ± 0.001
0.962 ± 0.001
0.171 ± 0.001
0.106 ± 0.002
0.113 ± 0.004
0.351 ± 0.004
0.806 ± 0.001
0.916 ± 0.001
0.968 ± 0.002

 (Pa)
0.34 ± 0.02
0.27 ± 0.02
0.22 ± 0.01
0.13 ± 0.01
0.11 ± 0.01
0.09 ± 0.01
0.08 ± 0.01
0.06 ± 0.01
0.04 ± 0.01
18.6 ± 0.2
18.1 ± 0.2
14.3 ± 0.2
4.27 ± 0.06
0.45 ± 0.02
0.16 ± 0.01
0.03 ± 0.01

 (Pa.s)
0.054 ± 0.001
0.049 ± 0.001
0.043 ± 0.001
0.039 ± 0.001
0.036 ± 0.001
0.033 ± 0.001
0.032 ± 0.001
0.027 ± 0.001
0.022 ± 0.001
0.085 ± 0.003
0.047 ± 0.003
0.037 ± 0.003
0.055 ± 0.001
0.043 ± 0.001
0.038 ± 0.001
0.026 ± 0.001

Figure 3.13: Viscosity at 21 s-1 as a function of temperature for IC (diamonds) and KC
(triangles) at 0.8% w/v. Lines indicate trend with concentration.

The difference in the behaviour of IC and KC solutions was further investigated by
monitoring the dynamic modulus as a function of temperature. Dilute behaviour was
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observed for IC across the range of temperatures studied, i.e. G˝ > G΄ (Figure 3.14a-d).
As expected, by increasing the temperature, the loss modulus decreased (Figure 3.14e)
which indicated that the solution was becoming less viscous, which supports what was
shown previously in Figure 3.13. The IC solutions had tan δ > 1 indicating solution-like
behaviour (Figure 3.14f).

Figure 3.14: (a-d) the dynamic modulus of IC (0.8% w/v) at varying temperature. (e) Loss
modulus and (c) tan δ of IC (0.8% w/v) versus solution temperature at 1.47 % shear strain. The
straight line in (e) is a trend line fit to the data.

98

3 Characterisation of Carrageenan Solutions and Films
In contrast, KC displayed a transition point at 35 °C, below this temperature G˝ < G΄
(Figure 3.15a-h). This is indicative of gel-like behaviour, as was observed previously in
Figure 3.13. Similar to IC, increasing the temperature leads to an increasing loss
modulus (Figure 3.15i), which indicated that the solution was becoming weaker. This is
in agreement with previous observations, i.e. increasing the KC temperature results in a
decrease in storage and loss modulus values [277, 284]. In contrast to IC, two distinct
rates of decrease were observed, which is in support of a gel-sol transition as discussed
above. The sol-gel transition at 35 °C is also evident from the tan δ data shown in
Figure 3.15j.
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Figure 3.15: (a - h) the dynamic moduli of KC (0.8% w/v) at varying temperature, (i) loss
modulus and (j) tan δ of KC (0.8% w/v) versus solution temperature at 1.47% shear strain. The
line in (i) is a trend line fit to the data.

The data for the KC solutions exhibits gel-like behaviour (G΄ > G˝), i.e. for temperature
range 10 oC - 30 oC. Figure 3.16a-c shows the shear strain, stress and modulus at the
LVE region for increasing temperature. All parameters were found to decrease with
increasing temperature which indicates that the KC gel-like solution is becoming
weaker and less resistant to shear.

Figure 3.16: Temperature versus (a) shear strain and (b) shear stress for G΄ at the LVE region
for KC. (c) Temperature versus shear modulus. These data is for the KC solutions exhibiting
gel-like behaviour (G΄ > G˝). Arrows indicate trend with concentration.
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3.5. Microscopy of films
Free-standing films were prepared by evaporative casting of IC or KC solutions onto a
plastic substrate (Figure 3.17a-c), according to the method described in section 2.2.1.
Optical and electron microscopy were used to investigate the surface morphology of the
resulting films (Figures 3.18 and 3.19). The surface of IC films appeared fairly
homogenous. Optical micrographs revealed that IC and KC films were smooth and
shiny in appearance (Figure 3.18a and b).

Figure 3.17: Photographs of: (a) 0.8% w/v IC solution, (b) IC films during the evaporation and
(c) films after being peeled off from the plastic substrate.

Figure 3.18: Optical microscope images for (a) IC and (b) KC films. Both films are prepared by
evaporative casting of IC and KC (0.8% w/v) solutions.
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Scanning electron microscopy (SEM) was used to investigate the surfaces and cross
sections of IC and KC films. Figure 3.19 shows that there is a significant difference in
the surface morphology between the two types of carrageenan films. The IC film clearly
shows spherical particles with a diameter of ~ 25 nm distributed randomly at different
places on the surface of the film (Figure 3.19a). In contrast, KC films showed large
bundles (~ 60 nm) on top of each other (Figure 3.19c). The difference in morphology
could be attributed to the difference in viscosity between IC and KC; it has been
previously reported that the viscoelastic properties of polymers leads to different
evolutions of surface morphologies [285]. The cross section of IC and KC films was
obtained (Figure 3.19b and d); both films consist of a layered structure. This is in
agreement with previous observations [286].

Figure 3.19: SEM images of the surface and the cross section of IC (a and b) and KC films (c
and d), respectively.
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3.6. Mechanical properties of films
The mechanical properties of IC and KC free-standing films prepared by evaporative
casting were obtained using the method in section 2.3.8. Typical stress-strain curves for
these films are shown in Figure 3.20a and b, and the results are tabulated in Table 3.5.
Figure 3.20a shows that the tensile strength (TS), strain at break (γ), toughness (T) and
Young‟s modulus (E) values increase with increasing IC concentration. For example,
the TS, γ, and T values of IC film at 0.4% w/v were 16 ± 2 MPa, 27.9 ± 3.1% and 3.39
± 0.93 J/m3, respectively (Table 3.5). These values increased to 58 ± 9 MPa, 37.5 ±
4.7% and 11.59 ± 2.31 J/m3, respectively for an IC film prepared from a solution of
concentration 0.8% w/v. This can be attributed to the increased number of inter-chain
interactions of the IC chains, which is in agreement with previous observation [286].
Increasing the concentration of the biopolymer resulted in an increase in Young‟s
modulus values, which has been previously observed [286, 287].

In contrast, KC films showed increases in the mechanical properties by increasing the
concentration of KC from 0.2 to 0.6% w/v prior to film formation, then showed
reduction in the mechanical properties at 0.8% w/v. For example; the TS value for KC
(0.2 % w/v) film was 47 ± 4 MPa, which increased to 65 ± 5 MPa for 0.6% w/v
followed by a reduction to 34 ± 3 MPa upon an increase in KC concentration to 0.8%
w/v (Table 3.5). This result is in agreement with previous observations, i.e. increasing
the concentration of the KC beyond the dilute-semi-dilute transition point, resulted in a
decrease in the values of the mechanical properties [286]. This has been observed in
similar cases whereby increasing concentration of KC above the coil overlapping
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concentration (semi-dilute region), leads to chain entanglement which reduced the film
flexibility and hence resulted in weaker films [252, 275]. Table 3.5 and Figure 3.20a
and b show that the KC films exhibited higher TS values than the IC films. However, IC
films show higher γ values compared to the KC films, indicating that IC films are more
flexible than KC films. For instance, the γ value of a IC film (0.4% w/v) is 27.9 ±
3.1%, which is one order of magnitude higher compared to the value for the KC film at
the same concentration (Table 3.5). This may attributed to the difference in the chemical
structure between IC and KC, see Figure 1.18.

KC consists mostly of an alternating polymer of D-galactose-4-sulfate and 3,6anhydrogalactose repeat units. It has a three hydroxyl groups which form hydrogen
bond with the free oxygen in the D-galactose residues, resulting in stiff films it forms a
tougher film than IC [250, 286]. The structure of IC is similar to that of KC except that
3,6-anhydrogalactose is sulfated at carbon 2 which is the IC strands are parallel due to
the electrostatic repulsion between the two sulphate groups; hence it forms a flexible
film [250, 286].
Table 3.5: Mechanical properties of IC and KC films, prepared by evaporative casting, of
different concentrations of IC and KC: Tensile strength (TS), strain-at-break (γ), toughness (T)
and Young‟s modulus (E).
Film
IC (0.4% w/v)
IC (0.6% w/v)
IC (0.8% w/v)
KC (0.2% w/v)
KC (0.4% w/v)
KC (0.6% w/v)
KC (0.8% w/v)
KC (1.0% w/v)

TS (MPa)
16 ± 2
36 ± 6
58 ± 9
47 ± 4
56 ± 4
65 ± 5
34 ± 3
21 ± 3

γ (%)
27.9 ± 3.1
32.2 ± 4.4
37.5 ± 4.7
2.5 ± 0.6
3.1 ± 0.5
4.0 ± 0.5
2.2 ± 0.3
1.6 ± 0.9
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T (J/m3)
3.39 ± 0.93
7.48 ± 2.91
11.59 ± 2.31
0.66 ± 0.12
1.01 ± 0.25
1.56 ± 0.37
0.40 ± 0.11
0.14 ± 0.08

E (MPa)
391 ± 22
404 ± 26
578 ± 36
2513 ± 73
2775 ± 82
2810 ± 91
2139 ± 86
1617 ± 32
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Figure 3.20: Stress-strain curves for: (a) a typical IC film prepared by evaporative casting of
different concentrations of IC solutions (0.4, 0.6 and 0.8% w/v) and (b) a typical KC film
prepared by evaporative casting of different concentrations of KC (0.2, 0.4, 0.6, 0.8 and 1.0%
w/v).

3.7. Thermal stability measurements of films
The thermogravimetric analysis (derivative and weight loss) of IC and KC films is
shown in Figure 3.21a and b, obtained using the conditions as described in section
2.3.9. Both carrageenan films displayed similar TGA curves, suggesting a weight loss in
two stages (Figure 3.21b). The first stage ranged between 100 and 105 ºC, with a weight
loss between 10 - 13%, corresponding to the evaporation of water [288].

The second stage occurs in the temperature range between 200 ºC and 480 ºC and
consists of two step decomposition pattern. IC exhibits minima at 246 ºC and 368 ºC,
whereas, KC display minima at 230 ºC and 429 ºC (Figure 3.12a). This may be
attributed to the decomposition of the IC and KC chain structure [289]. This
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decomposition step is associated with sulphur dioxide leaving and carbohydrate
backbone fragmentation [243, 288, 289].

Figure 3.21: Thermogravimetric analysis (derivative and weight loss) for IC and KC film
prepared by evaporative casting of IC and KC (0.8% w/v) solutions.

3.8. Effect of sonolysis on solutions and films
Sonolysis is used in this thesis to disperse CNTs into IC and KC; therefore it is
important to assess the effect of sonolysis on the biopolymer prior to the addition of
CNTs.

3.8.1. Effect of sonolysis on solutions
The CD spectra of a typical IC solution (0.8% w/v) as a function of sonication time are
shown in Figure 3.22a. It is evident that the CD intensity does not change with
increasing sonication time (Figure 3.22b). This indicates that, the optical activity was
not affected by sonolysis.
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Figure 3.22: Effect of sonication time on the CD absorption spectrum for IC (0.8% w/v) at
21oC. Inset: effect of sonication time on the CD intensity at 186 nm. The line in (b) is a trend
line fit to the data.

The effect of sonication time on the viscosity of IC and KC at 0.8% w/v was displayed
in Figures 3.23. The apparent viscosity, consistency and Bingham parameters of IC and
KC solutions significantly decreased during sonication (Table 3.6). For example, the
apparent viscosity of the as-prepared IC and KC solutions (0.8% w/v) was reduced by
80% after 10 mins of sonication, whereas, the apparent viscosity of KC was reduced by
94% due to sonolysis. In addition, the consistency of IC was reduced by 66% whereas
KC was reduced by 99% (Table 3.6).

Furthermore, the Bingham model shows that, the Bingham yield point and Bingham
flow coefficient values significantly decreased during sonication (Table 3.6). For
example, the Bingham yield point of the as-prepared IC solution (0.8% w/v) was 0.22 ±
0.01 Pa compared to 0.06 ± 0.01 Pa after 10 mins of sonication. The power index value
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was found to increase with sonication time indicating that the biopolymer solution is
becoming more Newtonian, i.e. the n value of KC increased from 0.11 to 0.73 after 10
minutes of sonication.

Thus, it is clear that sonolysis results in a decrease in apparent viscosity, consistency
and Bingham parameters, i.e. solutions which are thinner (K decreases) and less shearthinning (n increases). This is in agreement with previous observations, i.e. sonolysis
reduces the molecular weight of biopolymers, leading to a decrease in viscosity [56,
290]. However, KC solutions of 0.8% w/v were more affected by sonication than IC
solutions. This could be attributed to the results from section 3.4.1 which showed that,
at this concentration, KC was in the semi-dilute state which has a higher number of
inter-chain interactions which could be broken by the sonication process. On the other
hand, IC was in the dilute state which meant that there were less chain junctions to be
severed.

Table 3.6: Summary of flow curve analysis (at 21oC and a shear rate range of 10-100 s-1) for IC
and KC solutions (0.8% w/v) at different sonication times. Consistency (K) and power law
index (n) values were obtained through curve fitting with the power law model (Equation 3.3).
Bingham yield point (B) and Bingham flow coefficient (B) values were obtained using the
Bingham model (Equation 3.4). η21 represent the measured viscosity at shear rate 21 s-1.
Solution

IC

KC

ST (min)
0
1
5
10

K (mPa.sn)
76 ± 2
41± 1
39 ± 1
26 ± 1

n
0.89 ± 0.01
0.88 ± 0.01
0.61 ± 0.01
0.80 ± 0.01

 (Pa)

 (Pa.s)

0.22 ± 0.06
0.11 ± 0.03
0.09 ± 0.02
0.06 ± 0.01

0.044 ± 0.001
0.023 ± 0.001
0.009 ± 0.001
0.005 ± 0.001

η21 (mPa.s)
53 ± 2
28 ± 1
14 ± 1
11 ± 1

0
1
5
10

14030 ± 13
4292 ± 11
885 ± 3
127 ± 2

0.11 ± 0.01
0.25 ± 0.01
0.50 ± 0.01
0.73 ± 0.01

18.53 ± 0.18
8.04 ± 0.11
2.81 ± 0.10
0.52 ± 0.02

0.047 ± 0.001
0.062 ± 0.002
0.059 ± 0.001
0.032 ± 0.001

919 ± 7
439 ± 5
188 ± 3
55 ± 2
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Figure 3.23: Effect of sonication time on (a) the viscosity of IC (0.8% w/v), (b) shear stress
versus shear rate of IC (0.8% w/v), (c) the viscosity of KC (0.8% w/v) and (d) shear stress
versus shear rate of KC (0.8% w/v). The lines in (a and c) and (b and d) are fits to Equations 3.3
and 3.4, respectively. All samples were measured at 21 oC.

3.8.2. Effect of sonolysis on films
The effect of sonication on the morphology of the film surface was investigated using
IC (0.8% w/v) solutions which were sonicated at 1 and 15 minutes. Figure 3.24a and b
show that sonication plays a significant role in changing the surface morphology of IC
film. Films formed from solutions sonicated for 1 minute and 10 minutes were
compared. The surface of the IC film after 1 minute of sonication was rougher and
contained more aggregates whereas, after 10 minutes of sonication, a flat surface was
obtained (Figure 3.24a and b). This could be attributed to the sonication process
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reducing the viscosity and hence biopolymer chain length, which would in turn reduce
aggregation. This result indicates that the sonication time of IC solution has an effect on
the surface morphology.

Figure 3.24: SEM images of casted IC film prepared by evaporative casting of IC (0.8% w/v) at
different sonication times (a) 1 minute sonication and (b) 15 minutes sonication.

The effect of sonication on the mechanical properties of IC and KC film was
investigated using the IC and KC (0.8% w/v) solutions were sonicated which for 1, 5
and 10 minutes, prior to casting. Stress-strain curves for IC and KC films at different
sonication times are shown in Figure 3.25a and b, and the results are tabulated in Table
3.7. Sonication of IC solutions prior to film formation reduced TS, γ, T and E values
(Table 3.7). For example, 10 minutes of sonication resulted in significant reduction in
mechanical values, in particular for T values, which were reduced by an order of
magnitude compared to unsonicated films (Table 3.7). This is likely to be the result of
sonication induced changes in the inter-chain attraction energy (hydrogen bonding) and
sonication-induced reduction in the molecular weight i.e. when the biopolymer chains
are severed during the cavitation process [209]. The reduced chain length would result
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in fewer interactions and entanglements between chains which would hence reduce the
mechanical properties [56, 215, 250].

KC (0.8% w/v) films showed different behaviour (Figure 3.25b). The mechanical
properties of the film showed a small increase after 1 minute sonication, then decreased
when increasing the sonication time to 5 and 10 minutes. For instance, the T and γ for
unsonicated KC film were 0.4 ± 0.2 J/m3 and 2.2 ± 0.6%, respectively; these values
were increased after 1 minute sonication to 0.8 ± 0.3 J/m3 and 3.6 ± 0.9, respectively
then decreased to 0.17 ± 0.01 J/m3 and 1.8 ± 0.3% after 10 minutes sonication (Table
3.7). This can be attributed to the reduction of the viscosity after 1 minute of sonication
(439 mPa.s) to the KC solution prior to film formation (789 mPa.s). This is in
agreement with what was previously noticed in Table 3.5, where 0.6% w/v KC
(viscosity = 254 mPa.s) exhibited higher values for the mechanical properties than 0.8%
w/v KC.

Figure 3.25: Stress-strain curves for: (a) IC films, prepared by evaporative casting, after
different sonication times of IC (0.8% w/v) solution (0, 1, 5 and 10 minutes) and (b) KC films,
prepared by evaporative casting, after different sonication times of KC (0.8% w/v) solution (0,
1, 5 and 10 minutes).
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Table 3.7: Mechanical properties of IC and KC films prepared by evaporative casting of
different sonication times of IC and KC (0.8% w/v) solutions: Tensile strength (TS), strain-atbreak (γ), toughness (T) and young‟s modulus (E).
Film

IC

KC

ST (min)
0
1
5
10
0
1
5
10

TS (MPa)
58 ± 9
45 ± 7
15 ± 2
10 ± 1

γ (%)
37.5 ± 4.7
31.5 ± 2.9
24.9 ± 2.5
19.4 ± 1.8

T (J/m3)
11.6 ± 2.3
7.4 ± 2.1
2.6 ± 0.6
1.5 ± 0.4

34 ± 3
39 ± 5
33 ± 4
20 ± 2

2.2 ± 0.6
3.6 ± 0.9
2.8 ± 0.7
1.8 ± 0.3

0.4 ± 0.2
0.8 ± 0.3
0.5 ± 0. 2
0.2 ± 0.1

E (MPa)
578 ± 36
349 ± 24
485 ± 29
442 ± 27
2139 ± 86
1853 ± 75
1333 ± 58
1165 ± 49

3.9. Conclusion
The rheological, spectroscopic, mechanical and thermal properties of IC and KC
solutions and films were obtained. The CD spectroscopy of typical IC and KC solutions
(0.8% w/v) at varying temperatures showed that both samples were optically active.
Furthermore, by combining CD spectra with specific optical rotation, it was revealed
that KC underwent a conformational change with a change in temperature, whereas IC
did not exhibit this phenomenon.

Rheological studies showed that varying the concentration and temperature of IC and
KC solutions resulted in dilute-semi-dilute and sol–gel transitions for KC, while IC
remained in the dilute state at all measured concentrations and temperatures. In
addition, it was shown that KC solution at concentrations > 0.5% w/v behaves gel-like,
whereas IC did not exhibit any gel behaviour in the concentration range studied (0.2 to
1.0% w/v).
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Increasing the concentration of IC resulted in films with increased mechanical
properties. In contrast, KC films showed an increase in the mechanical properties with
increasing concentration from 0.2 to 0.6% w/v, but a reduction in values at higher
concentrations. KC produced stronger films than IC, but IC films were more flexible
than KC films.

Sonication of IC and KC solutions resulted in a decrease in rheological properties due to
the biopolymer chains length reduction. In addition, sonolysis of the IC solution prior
to film formation reduced the mechanical properties, whereas the mechanical properties
of the KC film increased after 1 minute of sonication, and then showed a decrease with
further sonication. These results are important for what follows in chapters 4-9 as IC
and KC are used as dopants for conducting polymers, dispersants for CNTs and
rheological thickeners for printing CNT patterns.
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4 CHEMICAL SYNTHESIS OF POLYANILINE
USING CARRAGEENAN AS A DOPANT
This chapter describes the synthesis and characterisation of polyaniline (PANi) and
PANi-MWNT composite materials. PANi-MWNT composites were synthesised by an
in-situ chemical polymerisation method using IC and KC as a dopant. The UV-vis
absorption spectra of PANi and its composites as a function of concentration were
obtained. PANi and PANi-MWNT films were prepared by an evaporative casting
process. The morphology of these films was examined using optical and electron
microscopy. Elemental analysis was used to determine the composition of the films.
Furthermore, electrical conductivity of these films was studied using a two-point probe
method. The CV of films was measured in order to gauge the electroactivity of these
samples.

4.1. UV-visible spectroscopy
PANi and PANi/MWNT (3 mg MWNTs) composites were synthesised by a chemical
polymerisation method of PANi in the presence of MWNT with IC and KC as a dopant
as described in sections 2.2.2 and 2.2.3. The UV-vis absorption spectra for a dilution
series (in DMSO) of PANi-IC and PANi-IC/MWNT composites are shown in Figure
4.1a and b. PANi-IC composite solutions exhibit the three characteristic PANi bands,
at 340 , 433 and 830 nm associated with the π-π* band gap, the polaron-π* transition
and the π-polaron band transition, respectively [204, 291, 292]. In addition, it can be
seen that dilution of the PANi-IC solution does not affect the position of the absorbance
bands. As expected, an increase in concentration results in an increase in the absorbance
of the characteristic bands. For example, the absorption of PANi-IC at 430 nm increased
from a 0.27 a.u. at 0.16 mg/mL to 0.72 a.u. at 0.50 mg/mL.
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The UV-vis spectra of PANi-IC/MWNT composite solutions as a function of
concentration are shown in Figure 4.1b. The dispersion exhibits three bands at 335 nm
(π-π* transition), 433 nm (polaron-π* transition) and 830 nm (π-polaron transition). The
incorporation of MWNTs has affected the position of the PANi-IC band at 340 nm,
which was red shifted and broadened in the presence of MWNTs. The change in this
band can be attributed to absorption of PANi onto the CNT surface, which is facilitated
by polymer backbone exposure [26, 291, 293]. The presence of MWNTs increases the
intensity compared to PANi-IC due to absorbance of light by the CNTs (Figure 4.1).

Furthermore, increasing the concentration of PANi-IC/MWNT composite solution
resulted in proportional increases in the absorbance. For example, a three-fold increase
in concentration (from 0.16 to 0.50 mg/mL) resulted in a three-fold increase in
absorbance (from 0.31 a.u. to 0.94 a.u. at 830 nm). This is in agreement with previous
studies, indicating that as the polymer concentration increased, the intensity also
increased [26, 204].

A single wavelength was chosen (830 nm) at which to monitor the increase of the
absorbance (Figure 4.1c).

The intensity increased linearly with

increasing

concentrations of PANi-IC and PANi-IC/MWNT composite solutions. By plotting the
absorbance against the concentration, a straight line was obtained. The slope of this
trend line was used to calculate the extinction coefficient using the Beer-Lambert
equation (Equation 3.1 in section 3.1). The extinction coefficients of PANi-IC and
PANi-IC/MWNT composite solutions were calculated to be 2.58 ± 0.04 and 3.64 ± 0.03
mg/mL.cm, respectively.
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Figure 4.1: UV-Vis absorption of different concentrations of: (a) PANi-IC and (b) PANiIC/MWNT composite solutions in DMSO. (c)The absorbance at 830 nm of different
concentrations of PANi-IC (diamonds) and PANi-IC/MWNT (triangles), derived from (a) and
(b), respectively. Straight lines are fit to the Beer-Lambert Equation (Equation 3.1).

To study the effect of incorporating MWNTs during the polymerisation of both PANiIC and PANi-KC; composite solutions of PANi-IC/MWNT and PANi-KC/MWNT at a
concentration of 1 mg/mL in DMSO were prepared and their absorption spectra were
obtained using UV-vis spectroscopy (Figure 4.2). These were compared to the UV-vis
spectra of PANi-IC and PANi-KC composite solutions at the same concentrations. It
can be seen that all the composite solutions showed three absorbance bands. Two of
these three bands (433 and 830 nm) were at the same wavelength for all composites,
while the other band (corresponding to the PANi π-π* transition) was affected by the
addition of MWNTs, as previously discussed.
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The absorbance increased for solutions which contained MWNTs compared to those of
the same concentration that did not contain MWNTs. For example, at 830 nm, the
absorbance of PANi-IC/MWNT composite solution was increased by 73% compared to
PANi-IC at the same concentration (1 mg/mL), as shown in Figure 4.2. This result
supports what was seen in Figure 4.1c, that it is likely that the differences in the
intensity may be related to the presence of MWNT in the composite solutions i.e. CNTs
absorb more light.

In addition, the absorbance band at 340 nm had significantly higher intensity for PANiKC/MWNT than PANi-IC/MWNT (Figure 4.2). This may be explained by the
elemental analysis results (section 4.5) which revealed that PANi-KC/MWNT contained
5 times the amount of CNTs compared to PANi-IC/MWNT.

UV-vis spectroscopy can also indicate the conformation of the PANi polymer chains
[291]. These chains can exist as either the compact coil or extended coil conformations.
Each conformation has a distinct absorption band. The compact coil conformation is
characterized by a band around 800 nm, which corresponds to the localized polaron
band. The extended coil conformation shows an intense band in the near-infrared [204,
291, 292]. Figure 4.2 shows bands at around 800 nm for all composite solutions,
indicating that the PANi chains in these dispersions adopt a compact coil formation.
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Figure 4.2: The UV-vis absorption of PANi-IC, PANi-KC, PANi-IC/MWNT and PANiKC/MWNT composite solutions at concentration of 1 mg/mL in DMSO.

4.2. Doping of PANi-IC and PANi-IC/MWNT
Doping is the process by which polymers that are insulators are exposed to charge
transfer agents or dopants [113, 294]. During this process, the electrical conductivity
will be increased due to the increased concentration of charge carriers [113]. In order to
investigate whether the PANi prepared using carrageenan as a dopant behaved similar
to PANi doped with other materials; the PANi-IC was treated with acid and base to
observe the characteristic change in the solution colour. PANi-IC in the emeraldine salt
(ES) form was doped with ammonium hydroxide (NH4OH) to form PANi in the
emeraldine base (EB) form.
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As discussed in section 1.2.4, the ES form is the only electrically conducting sate of
PANi which can be converted to the non-conducting EB form by de-doping [19, 293].
During this process the characteristic colour change, from green (conducting) to blue
(non-conducting), was observed (Figure 4.3a). The polymer is converted into a highly
conductive state, due to the rearrangement of the energy level which produces the stable
polysemiquinone radical cation (a polaron). This process can be easily reversed to
produce the non-conducting (or undoped) form, as the conducting form corresponds to a
salt [25, 137, 291]. In order to transform PANi back into the ES form, the solution
(PANi in EB form) was redoped with HCSA and the colour of the solution immediately
changed from blue back to green, to form PANi-CSA (Figure 4.3a).

The UV-vis absorption spectrum for the non-conducting state (de-doped PANi-IC and
PANi-IC/MWNT with NH4OH, EB form) and the conducting state (PANi-CSA and
PANi-CSA/MWNT, ES form) were obtained (Figure 4.3b and c). The composite
solutions in ES form showed three bands, as observed previously in section 4.1, at 340,
433, and 830 nm. These bands correspond to the π-π* band gap, the polaron-π* band
and the π-polaron band transitions, respectively [204, 291, 292]. Whereas, composite
solutions in EB form showed two characteristic bands at 325 and 613 nm (Figure 4.3b
and c). The first band corresponds to the π-π* transition centered on the benzenoid unit
of EB. The second represents the local charge transfer between a quinoid ring and the
adjacent imine-phenyl-amine units which results in an intramolecular charge transfer
exciton [19, 295]. These results are similar to what has been observed in other studies
[137, 295-297]. As demonstrated in section 4.1, the presence of MWNTs in the
composite solutions caused an increase in absorbance in both ES and EB states.
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Figure 4.3: (a) photographs of (1) PANi-IC, (2) PANi-IC de-doped with NH4OH and (3) redoped PANi with HCSA to form PANi-CSA. This process shows the change in the solution
colour from green to blue and back to green. (b) UV-visible absorption spectra of PANi-IC in
ES form, PANi-IC de-doped with NH4OH and re-doped PANi with HCSA. (c) UV-visible
absorption spectra of PANi-IC/MWNT using the same doping process as in (b).

4.3. CD spectroscopy of composite solutions
CD spectra were measured for 1 mg/mL solutions of PANi-IC and PANi-KC. Figure
4.4a and b shows that both solutions exhibited no optical activity, i.e. the carrageenan
has lost its optical ability as a result of the polymerisation of PANi in the presence of IC
and KC as dopants. To test this theory, 2 mL of carrageenan solution (0.5% w/v) was
added to the dissolved polymer solution in DMSO. The CD spectra were measured
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again and results suggest that the optical activity of added carrageenan is preserved
(Figure 4.4).

Figure 4.4: CD spectra for: (a) PANi-IC after polymerisation process (dash line) and PANi-IC
after addition of IC solution (solid line). (b) PANi-KC after polymerisation process (dash line)
and PANi-KC after addition of KC solution (solid line). All samples were measured at 21 °C.

4.4. Microscopy of composite films
The PANi-IC, PANi-KC, PANi-IC/MWNT and PANi-KC/MWNT composite solutions
at concentration of 1 mg/mL in DMSO were injected into the base of white plastic
substrates (diameter 0.170 mm) and dried in a vacuum oven at 60 °C for 24 hours. It
was not possible to obtain free-standing films of PANi via the chemical synthesis
method. This could be attributed to the fact that PANi agglomerates during synthesis, as
shown in SEM images; thereby preventing film formation. Instead all measurements
were carried out on films attached to the substrate. Optical microscope and SEM images
of PANi-IC and PANi-IC/MWNT composite samples, prepared by the chemical
polymerisation method, are given in Figures 4.5 and 4.6. Optical microscopy revealed
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that in the absence of MWNTs (Figure 4.5a) the film appears to be translucent.
However, composite films with MWNTs appear granular and opaque (Figure 4.5b).

Figure 4.5: Optical microscope image of (a) PANi-IC and (b) PANi-IC/MWNT.

SEM revealed granular and tubular morphologies for both PANi-IC and PANi-KC
composite films (Figure 4.6a and c). The morphology was changed to fully granular in
the presence of MWNTs (Figure 4.6b and d). This occurrence may be attributed to the
fact that during the polymerisation, MWNTs acted as nucleation points and prohibited
PANi tubular formation [204]. Figure 4.6b and d shows that the MWNTs are embedded
in the polymer matrix. These results are in agreement with previous observations [137,
204].
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Figure 4.6: SEM images of: (a and b) PANi-IC and PANi-IC/MWNT composite films,
respectively. (c and d) PANi-KC and PANi-KC/MWNT composite films, respectively. Circles
identify MWNTs.

4.5. Elemental analysis
Elemental analysis (C, H, N, S) on composite films, and starting materials (IC, KC and
MWNTs) was carried out (Table 4.1). The elemental composition of carrageenan, PANi
and MWNTs was determined as outlined in section 2.3.11.

Results from the elemental analysis (Table 4.2) show that PANi-IC composites contain
almost twice as much PANi compared to PANi-KC which suggests that chemical
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polymerisation of PANi using IC as a dopant was much more effective than using KC.
A number of factors could be responsible for this. IC has twice the number of sulphate
groups in its chemical structure; it is the sulphate groups which serve as dopants in the
polymerisation of PANi. There is also a difference in viscosity of IC (30 ±2 mPa.s) and
KC (124 ± 4 mPa.s), which was reported in section 3.4. The increase in viscosity in the
reaction medium could result in a decrease in the polymer growth rate due to reduced
mobility of the reactant [146]. However, PANi-KC composite film contained 5 times as
much MWNT as PANi-IC composite film; this could be due to the higher carrageenan
content of PANi-KC-MWNT compared to that of PANi-IC-MWNT, as the gel forming
ability of carrageenan results in a higher restraint of MWNTs. These observations are
consistent with what was seen in the SEM images, above.

In general, incorporating biopolymers into PANi results in materials with good
chemical and thermal stabilities along with improved solubility [146, 298, 299]. The
results of elemental analysis (Table 4.1) are compared to those which have been
previously reported for PANi with hydrochloric acid [300]. Previously, it was reported
that the reduction of nitrogen content in PANi doped with an anionic surfactants
indicates that dopants has been incorporated into the PANi matrix [301] . It can be seen
that there is a reduction of nitrogen content (2%) in PANi doped with carrageenan;
therefore it can be assumed that the carrageenan has been incorporated into the PANi
matrix. Hence, it was expected that PANi doped with carrageenan can be easy soluble
in solvents such as DMSO, this is caused by the hydrocarbon „tail” in the dopant.
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During the polymerisation process of PANi using an anionic dopant, the positive
charges accumulated on the polymer backbone during the doping of PANi are
neutralised by the negatively charged counter ions of the dopant [19]. Ionic bonding
occurs between the sulphate groups of carrageenan and the amine and imine groups of
PANi (Figure 4.7).

Table 4.1: Elemental analysis data (C, H, N, S) of composite films and the starting materials
(IC, KC and MWNTs). Elemental content which is not accounted for may be attributed to
oxygen from the carrageenan structure and various impurities.
Material

C%

H%

N%

S%

IC

24.35 ± 0.08

4.21 ± 0.02

0.00± 0.00

9.00 ± 0.21

KC

27.79 ± 0.01

4.65 ± 0.06

0.00± 0.00

6.30 ± 0.19

MWNTs

97.29 ± 0.11

0.45 ± 0.05

0.00± 0.00

0.00± 0.00

PANi-IC

55.23 ± 0.19

4.77 ± 0.12

9.55 ± 0.01

5.21 ± 0.05

PANi-IC/MWNT

54.61 ±0.02

4.66 ± 0.02

9.28 ± 0.02

5.22 ± 0.07

PANi-KC

55.21 ± 0.0

5.97 ± 0.01

9.50 ± 0.01

4.83 ± 0.01

PANi-KC/MWNT

57.34 ± 0.11

4.91 ± 0.06

9.53 ± 0.04

4.47 ± 0.03

Table 4.2: The percentage (%) of carrageenan, PANi and MWNTs in the composite films.
Amounts were calculated from Table 4.1 as described in section 2.3.11.
Material

Carrageenan %

PANI %

MWNTs %

PANi-IC

57.9

42.1

0.0

PANi-IC/MWNT

58.0

40.9

1.1

PANi-KC

76.7

23.3

0.0

PANi-KC/MWNT

71.0

23.3

5.7
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Figure 4.7: Structured of PANi doped with carrageenan showing the interaction between the
sulphate groups and the PANi backbone.

4.6. Electrical conductivity of composite films
It is well known that, CNTs are excellent conducting fillers. In order to measure the
effect of adding CNTs to the PANi-carrageenan composite films, the conductivity of all
composites films were evaluated using the method described in section 2.3.5.

All cast composite samples exhibited linear I-V characteristics, which indicate Ohmic
behaviour. The I-V plots obtained for a strip of casted composite samples, using five
different strip lengths, are shown in Figure 4.8a. The resistance (inverse slope)
increased with increasing channel length as shown in Figure 4.8b. The slope of the
straight line fits combined with cross-sectional area can then used to calculate the bulk
conductivities according to Equation 2.1 (Table 4.3).
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The PANi-IC and PANi-KC films displayed similar conductivity values despite
different relative amounts of PANi and carrageenan (Table 4.3). It is clear that
incorporating MWNTs in the PANi-carrageenan composite samples enhanced the
conductivity. For example, the conductivity of the PANi-IC/MWNT composite sample
was increased 5-fold compared to that of PANi-IC. This can be attributed to wellknown electrical characteristics of CNTs along with the interaction between the PANi
quinoid unit and the MWNTs surface, which would enhance the conductivity of
composite materials [21, 25, 302].

Although PANi-KC/MWNT has 5 times the amount of MWNT compared to PANi-ICMWNT and half the amount of PANi content, the conductivity values were similar for
both composite films. For instance, the conductivity values of PANi-KC/MWNT and
PANi-IC/MWNT composite films are 3.7 ± 0.7 and 3.4 ± 0.6 S/m, respectively (Table
4.3).

These carrageenan biopolymers were trialed as dopants because it has been shown,
previously, that doping PANi with various types and sizes of dopants affects the
electrical conductivity of resultant composite materials [103, 113, 146, 299]. The nature
of the dopant itself plays an important role. It has been found that, larger dopant sizes
have resulted in a higher electrical conductivity [104]. Additionally, previous studies
have also shown that, by changing the dopant from HCl to CSA, the conductivity was
increased by two orders of magnitude [154, 303, 304]. It has also been demonstrated
that incorporation of MWNTs results in two order of magnitude increase in conductivity
compared to PANi doped with HCl in the absence of MWNTs (from 333 S/m to 3337
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S/m) [302]. Another study showed that, the resistivity at room temperature of PANiMWNT composite doped by HCl was decreased by one order of magnitude as
compared to pure PANi [305].

Figure 4.8: (a) I-V plots obtained using five different lengths of a strip of casted PANiIC/MWNT composite. (b) Resistance versus sample length for casted PANi-IC/MWNT
(diamonds) and PANi-KC/MWNT (triangles) composite films. The straight lines are fits to
Equation 2.1.

Table 4.3: Conductivity of casted films of MWNT, PANi-IC, PANi-KC, PANi-IC/MWNT and
PANi-KC/MWNT composite solutions.
Sample

σ (S/m)

PANi-IC

0.7 ± 0.1

PANi-IC/MWNT

3.4 ± 0.6

PANi-KC

0.8 ± 0.1

PANi-KC-/MWNT

3.7 ± 0.7
6000

MWNT [306]
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4.7. Cyclic voltammetry
PANi-IC and PANi-IC/MWNT composite solutions (1 mg/mL) were cast onto ITO
glass. The CV results (Figure 4.9) were obtained using the method described in section
2.3.10. The scan rate used was 50 mv/s while a Ag/AgCl reference electrode was used.
Conducting polymers such as PANi and PPy are able to undergo oxidative and
reductive chemical processes [19]. CV is an electrochemical technique which has a
good ability to provide insight into these redox processes. Figure 4.9 shows that PANiIC and PANi-IC/MWNT composite films exhibit two redox couples. The first oxidation
band at 0.25 V is attributed to the transition of PANi from the leucoemeraldine to the
emeraldine form, see Figure 1.14. The second oxidation peak at 0.8 V is attributed to
the transition of emeraldine to the pernigraniline form [19, 307].

The presence of MWNTs did not affect the electrochemical behaviour of PANi (Figure
4.9). This result is in agreement with which previous observation for PANiHCl/MWNT [308]. In addition, the PANi-IC/MWNT showed only a slight difference
to that of PANi-IC in the CV current. It was expected that the electron delocalization
along the polymer chains in PANi-CNT composites would be enhanced by highly
conjugated CNTs [308, 309].

Variation of the potential allowed for switching between three colours. The colour
change was observed as following: yellow (leucoemeraldine form) change to green
(emeraldine) for potential > 0.25 V, which change to (blue) pernigraniline for potential
> 0.6 V. These results are similar to what has been observed in other studies [19, 310].
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The results clearly show that PANi-IC and its composite films with MWNTs were
electroactive.

Figure 4.9: Cyclic voltammograms of PANi-IC and PANi-IC/MWNT composites film cast
onto ITO glass in 0.1 M HCl.

4.8. Conclusion
By characterising PANi which was synthesised chemically using carrageenan as a
dopant, it was possible to compare the dopant properties of IC and KC. It was proven
that carrageenan was a suitable dopant and can be used simultaneously as dopant and
dispersant for the incorporation of MWNTs. UV-vis spectroscopy showed that PANicarrageenan and PANi-carrageenan/MWNT both still behave like PANi i.e. they

132

4

Chemical Synthesis of Polyaniline Using Carrageenan as a Dopant
showed the three bands in the UV-vis absorption spectrum that were associated with
the π-π* band gap, the polaron-π* transition and the π-polaron band transition.

Elemental analysis showed that PANi-KC/MWNT contained 5-times the amount of
MWNTs compared to PANi-IC/MWNT. However, in each case, the incorporation of
MWNTs resulted in a 5-fold increase in electrical conductivity. CV results showed that
PANi-IC and PANi-IC/MWNT composite films exhibited the two characteristic redox
couples indicating that they were electroactive. Incorporation of MWNTs did not affect
the electrochemical behaviour of PANi.
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In this chapter, IC and KC are used as dopants for the chemical polymerisation of PPy
and its composites with MWNTs. UV-vis absorption spectra were used to investigate
the effect of the concentration and the incorporation of MWNTs. Free-standing
composite films of these samples were prepared by an evaporative casting process.
Electrical, thermal and mechanical characterisation of these films was performed to
examine the effect of including dopants and MWNTs. Additionally, the surface
morphology of the free-standing films was investigated using optical and electron
microscopy.

5.1. Solubility of PPy-carrageenan composite
It is necessary to point out that the solubility of chemically and electrochemically
synthesised PPy can, in general, be quite poor [311]. It is almost insoluble in water and
all common organic solvents; which in turn restricts its processability. Previous
attempts have been made to improve the solubility of PPy by designing colloidal forms
using the protonation and surfactant formation with an organic acid [153, 312, 313]. In
this thesis, carrageenan has been included as a dopant in an attempt to improve the
solubility of PPy and hence, its processability. Initially, a solubility test was performed
using different solvents. The composite solution of PPy-IC at a concentration of 2
mg/mL was dissolved in Milli-Q water and DMSO (Figure 5.1). It was observed that
the PPy-IC composite solution was soluble in both Milli-Q water and DMSO.
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Figure 5.1: Images showing the solubility of PPy-IC composite solutions in: (a) Milli-Q water
and (b) DMSO.

5.2. UV-visible spectroscopy
PPy-carrageenan and PPy-carrageenan/MWNT (3 mg MWNTs) composites solutions
were synthesised by a chemical polymerisation method using IC and KC as dopants, as
described in sections 2.2.4 and 2.2.5. In order to examine the effect of varying the
concentration of the composite solutions, the UV-visible absorption spectra for the
dilution series of PPy-IC in Milli-Q water were obtained (Figure 5.2 a and b).

Figure 5.2a shows that IC doped PPy exhibits two absorption bands at 461 and 970 nm,
characteristic of the PPy π-π* transition and the bipolaron band, respectively [154, 314].
The absorption spectrum of PPy-IC has a long extended tail beginning at 818 nm, which
indicates that PPy has adopted an expanded conformation [153, 154]. Diluting the PPyIC solution does not affect the position or the relative intensity of the absorbance bands
but as expected, decreases the intensity of the absorbance bands. For example, the
intensity of the absorbance band at 461 nm of PPy-IC at 0.60 mg/mL was 31% lower
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compared to the intensity at 0.92 mg/mL. Figure 5.2b shows that the intensity at 970 nm
decreased linearly with decreasing PPy-IC composite concentration. The slope of this
line was used to calculate the extinction coefficient using the Beer-Lambert equation
(Equation 3.1), resulting in an extinction coefficient of 3.73 ± 0.03 mg/mL.cm.

Figure 5.2: (a) UV-vis absorption spectra of PPy-IC at different concentrations in Milli-Q water
and (b) the absorbance at 970 nm of different concentrations of PPy-IC.

Solutions of PPy-IC, PPy-IC/MWNT, PPy-KC and PPy-KC/MWNT at concentration of
1.0 mg/mL were prepared in order to study the effect of incorporation of MWNTs
during the polymerisation process. UV-vis spectroscopy shows that all the composite
solutions exhibited two absorption bands: at 461 nm assigned as being a π-π* transition,
and the bipolaron band at 970 nm (Figure 5.3). These two absorption bands reveal the
electron transition from valence band to anti-bipolaron band and from the valence band
to the bipolaron band, respectively [153, 154, 314]. The effect of incorporating MWNTs
is as follows. The π-π* band at 461 nm is red shifted and broadened which has been
previously attributed to absorption of polymer onto the CNT surface which is facilitated
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by polymer backbone exposure [291, 293]. In addition, the bipolaron band (970 nm) is
broadened, which is indicative of a change in the effective conjugation length [314,
315].

The Uv-vis absorption spectra in Figure 5.3b show that, the PPy-carrageenan solutions
were stable for at least 10 hours whereas, incorporation of MWNTs into PPy-IC results
in an instant decrease in the UV-vis intensity at 461 nm. In contrast, the PPyKC/MWNT dispersion exhibits a constant intensity for up to 5.5 hours. The decrease in
intensity is an indication of the unstable nature of the dispersion as it represents the
settling out of materials from solution.

Figure 5.3: (a) The UV-vis absorption of PPy-IC, PPy-KC, PPy-IC/MWNT and
PPy-KC/MWNT composite solutions at a concentration of 1.0 mg/mL in Milli-Q water. (b)
Stability of PPy-IC, PPy-KC, PPy-IC/MWNT and PPy-KC/MWNT composite solutions at a
concentration of 2.0 mg/mL in Milli-Q water.
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5.3. CD spectroscopy of composite solutions
CD spectra were measured, as described in section 2.3.1, for solutions of 1.0 mg/mL of
PPy-IC, PPy-IC/MWNT, PPy-KC and PPy-KC/MWNT (Figure 5.4). It can be seen that
the optical activity of carrageenan remained the same after the polymerisation of PPy
unlike that observed for PANi where the carrageenan lost its optical activity during the
synthesis process (section 4.3).

Figure 5.4: CD spectra of PPy-IC, PPy-IC/MWNT, PPy-KC and PPy-KC/MWNT solutions at
1.0 mg/mL in Milli-Q water. All samples were measured at 21 °C.

5.4. Microscopy of composite films
Free-standing films of PPy-IC and PPy-KC solutions and PPy-IC/MWNT and PPyKC/MWNT dispersions were prepared by evaporative casting (Figure 5.5). The surface
morphology of these films was investigated using optical and electron microscopy
(Figure 5.6).
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A comparison of the surface morphology of PPy-IC with and without MWNTs (Figure
5.6a and b), showed that the presence of MWNTs resulted in a rougher film surface.
SEM images revealed that the PPy-IC contains nodules with diameters of 200-400 nm
which are embedded in the IC matrix (Figure 5.6c). In contrast, PPy-IC films with
MWNT reveal a tubular morphology (Figure 5.6d). In addition, MWNTs are clearly
identifiable and protrude from the matrix. The diameter of theses MWNTs (50-60 nm)
is consistent with polymer covered MWNT. This surface non-homogenous morphology
is characteristic of this polymerisation method which tends to form films with some
aggregates [316]. This is in contrast to films prepared using electrochemical
polymerisation which results in a homogeneous surface morphology [316].

Similar surface morphology was observed for PPy doped with KC and its composites
with MWNTs (Figure 5.7a-d). As with IC doped PPy, the incorporation of MWNTs
changed the morphology from nodular to tubular, however PPy-KC/MWNT (Figure
5.7d) appears to have more MWNT coverage compared to PPy-IC/MWNT.

Figure 5.5: Photographs of (a) PPy-IC composite solution, (b) PPy-IC composite solution
during the evaporation into the plastic substrate and (c) PPy-IC composite film after peeling off
from the plastic substrate.
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Figure 5.6: Optical microscope and SEM images of: (a and c) PPy-IC and (b and d)
PPy-IC/MWNT composite films, respectively. The circle indicates the presence of MWNTs.

Figure 5.7: Optical microscope and SEM images of: (a and c) PPy-KC and (b and d)
PPy-KC/MWNT composite films, respectively. The circle indicates the presence of MWNTs.
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5.5. Electrical conductivity of composite films
The conductivity of the films, prepared as in section 5.4, was measured using the twopoint probe method, outlined in section 2.3.5. All composite films exhibited linear I-V
characteristics, which indicate Ohmic behaviour (Figure 5.8). The resistance was found
to increase linearly with sample length according to Equation 2.1 (Figure 5.9). The
conductivity was calculated from the slope of the straight line fit and the sample crosssectional area.

Figure 5.8: Typical I-V plots obtained for PPy-KC/MWNT composite films as a function of
sample length (l).

Figure 5.9: Resistance versus length for (a) PPy-IC (diamonds) and PPy-KC (squares)
composite films and (b) PPy-IC/MWNT (diamonds) and PPy-KC/MWNT (squares) composite
films. The straight lines are fits to Equation 2.1.
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The PPy-IC composite film exhibited lower conductivity values compared to those
observed for PPy-KC (Table 5.1). This could be due to the higher degree of PPy
polymer surface coating of IC, hence reducing the number of electrical junctions. The
conductivity results achieved in this research were lower than those of low molecular
weight dopants with reported conductivity values of 8 S/m, 50 S/m, 200 S/m and 300
S/m [152-154]. This difference in values may be attributed to the larger carrageenan
molecules wrapping around the PPy, which would reduce the conducting pathways
resulting in a lower conductivity.

Table 5.1 shows that incorporation of MWNTs significantly enhances the conductivity
of the PPy-carrageenan films. For example, the conductivity of PPy-IC increases by
three orders of magnitude, from 0.022 ± 0.004 S/m to 21 ± 3 S/m. Similarly, the
conductivity of PPy-KC was enhanced by two orders of magnitude through addition of
MWNTs. These order of magnitude increases can be attributed to MWNT
interconnecting some of the PPy conducting domains [317, 318]. This effect may be
explained as follows: there are three possible conducting pathways (Figure 5.10 a-c).
These are: overlapping PPy conducting domains, PPy domains which are interconnected
by MWNTs and percolating MWNT pathways. In the absence of CNTs, only the
overlapping PPy conducting pathway is possible for electrical percolation, by
incorporation of CNTs all three conduction mechanisms are possible and hence, the
conductivity is increased. SEM images (Figures 5.6 and 5.7) have shown some evidence
that MWNTs are interconnecting the PPy domains which could be used to explain the
increase in conductivity (Table 5.1) by incorporation of CNTs into the polymer matrix.
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Figure 5.10: Schematic of three possible conducting pathways for electricity in
PPy-carrageenan/MWNT composites.

Previous studies have reported a conductivity increase from 156 S/m to 389 S/m with
the addition of 3 wt% MWNTs to PPy doped with the cationic surfactant
cetyltrimethylammonium bromide (CTAB) [319], where other research has reported
increases of one and two orders of magnitude when PPy-CNT was doped with HCl and
CTAB, respectively [24, 320]. This suggests that, the nature of dopant plays an
important role in the conductivity of PPy composite films.

Table 5.1: Conductivity of casted films of PPy-IC, PPy-KC, PPy-IC/MWNT and PPyKC/MWNT composite solutions.

Sample

σ (S/m)

PPy-IC

0.022 ± 0.004

PPy-IC/MWNT

21 ± 3

PPy-KC

0.067 ± 0.012

PPy-KC/MWNT

2.2 ± 0.4
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5.6. Mechanical properties of composite films
Tensile testing of the free-standing films were carried out following the method
described in section 2.2.8.

Stress-strain measurements (Figure 5.11 and Table 5.2) showed that PPy films doped
with IC were more flexible than the KC produced films. For example, the γ value of the
PPy-IC composite film was 66% higher compared to PPy-KC composite film (Table
5.2). Whereas, the PPy-KC composite film exhibited higher TS and E values than the
PPy-IC composite film. For instance, the TS value of PPy-KC composite film was 47%
higher compared to the PPy-IC composite film. This suggests that the PPy-KC
composite film is stiffer and stronger, but less ductile, than PPy-IC composite film. This
behaviour was expected as similar trends were observed for IC and KC films in section
3.6.

Incorporation of MWNTs resulted in a reinforcement effect i.e. increases in TS and E
values, compared to those of PPy-carrageenan films. For example, the TS value of PPyIC composite films increased from 4.18 to 7.95 MPa (Table 5.2). In addition, a
noticeable decrease in the γ value was observed after adding MWNTs to the composite
films. These observations can be attributed to the well-known mechanical reinforcement
effect of CNTs to a polymer matrix which comes at a cost in ductility [22, 40, 321].

By comparing these mechanical properties of PPy films doped with carrageenan to
previously studied PPy doped with dodecylbenzene sulfonic acid (DBSA) [153]; it was
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found that the latter were 6 times more flexible and ductile (higher strain-at-break
value) than the former. These discrepancies may be attributed to the nature and
molecular structure of the dopant which have been discussed previously.

Figure 5.11: Stress-strain curves for PPy-IC, PPy-KC, PPy-IC/MWNT and PPy-KC/MWNT
composite films.

Table 5.2: Mechanical properties of PPy-IC, PPy-KC, PPy-IC/MWNT and PPy-KC/MWNT
composite films, prepared by evaporative casting of their composite solutions: Tensile strength
(TS), strain-at-break (γ), toughness (T) and Young‟s modulus (E).
Film

TS ( MPa)

γ (%)

T (J/m3)

E ( MPa)

PPy-IC

4.18 ± 0.97

5.39 ± 0.43

0.17 ± 0.02

232 ± 6

PPy-IC /MWCNT

7.95 ± 1.16

2.93 ± 0.23

0.13 ± 0.01

361 ± 9

PPy-KC

7.83 ± 1.12

3.58 ± 0.35

0.16 ± 0.02

257 ± 7

PPy-KC /MWCNT

9.54 ± 1.31

2.51 ± 0.21

0.14 ± 0.01

453 ± 12
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5.7. Thermal stability of composite films
The thermal stability of composite films were analysed by TGA measurements as
described in 2.3.9 (Figures 5.12 and 5.13).

The IC film in the TGA curve exhibits a weight loss in two stages; the first stage ranged
between 25 ºC and 105 ºC, with a weight loss of about 13% which corresponds to the
evaporation of water. The second stage occurs in the temperature range between 200 oC
and 480 ºC and exhibits minima at 246 oC and 368 oC (Figure 5.12b), which relate to
the decomposition of the IC chain structure. Figure 5.12a shows that only 25% mass
remained at 800 oC. These results are in agreement with other studies [288, 289]. The
TGA curves of PPy-IC composite film are also shown in Figure 5.12a and b. The
minimum at 265 oC is attributed to the presence of IC biopolymer whereas the
minimum at 475 oC is due to the presence of PPy and only 12% mass of the PPy-IC
remained at 800 oC.

From Figure 5.12a and b, it can be seen that MWNTs were comparatively more stable
and did not show dramatic decomposition in the temperature range of 25 – 400 °C. An
unsteady mass decrease was found (between 400 - 570 °C) due to the decomposition of
MWNTs which exhibited a minimum at 546 °C and only 4% mass remained at 800 °C.

The trend of the TGA curve for PPy-IC/MWNT is similar to that of the PPy-IC
composite films. However, the decomposition of PPy shifted to a higher temperature
(503 ºC). This indicates that the decomposition of the PPy-IC/MWNT composite film is
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mainly controlled by PPy [316]. PPy-IC and PPy-IC/MWNT composite films exhibit
mass loss (6%) in the temperature range between 25 - 120 ºC due to the evaporation of
water. It is known that PPy is hygroscopic and during the heating to 120 °C the residual
water evaporates [317]. At 800 °C, 16% of the PPy-IC/MWNT materials remained.

Similar results were obtained for composite films with KC (Figure 5.13). However,
unlike PPy-IC/MWNT, the PPy and MWNT characteristic minima in PPy-KC/MWNT
combined into a single minimum at 530 °C. This result suggested that incorporation of
MWNTs served to improve the thermal stability of the composite films.

Figure 5.12: Thermogravimetric analysis (weight loss and derivative) of (a and b) IC, MWNTs,
PPy-IC and PPy-IC/MWNT composite films synthesised by the chemical polymerisation
method using IC as a dopant.
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Figure 5.13: Thermogravimetric analysis (weight loss and derivative) of (a and b) KC,
MWNTs, PPy-KC and PPy-KC/MWNT composite films synthesised by the chemical
polymerisation method using IC as a dopant.

5.8. Conclusion
IC and KC biopolymers were used successfully to synthesise PPy while acting
simultaneously as dopants for PPy and dispersants for the incorporation of MWNTs.
PPy-IC composite films exhibited lower conductivity (0.02 S/m), lower mechanical
stiffness (4.2 MPa) but higher ductility (5.4%) when compared to PPy-KC (0.07 S/m,
7.8 MPa and 3.6%, respectively). Incorporation of MWNTs resulted in a change in
surface morphology, mechanical reinforcement at a cost to ductility, but enhanced
thermal stability. In addition, it was found that, the conductivity was increased by 3 and
2 orders of magnitude when MWNTs were incorporated into PPy-IC and PPy-KC,
respectively.
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ELECTROCHEMICAL SYNTHESIS OF
6 POLYPYRROLE USING CARRAGEENAN
AS A DOPANT
In this chapter, polypyrrole (PPy) films were synthesised using electrochemical
polymerisation of pyrrole with the biopolymer carrageenan as a dopant. The films were
characterised using UV-vis absorbance, scanning electron microscopy, and electrical,
electrochemical, mechanical and thermal analysis. The characteristics of these films
were then compared to those prepared using chemical polymerisation as discussed in
chapter 5.

6.1. UV-visible spectroscopy
PPy films were synthesised using electrochemical polymerisation of pyrrole with IC
and KC biopolymers (PPy-IC and PPy-KC). The carrageenans were dialysed against
(0.2 M) NaCl (PPy-ICd and PPy-KCd), in order to enhance the purity of the commercial
carrageenan products. The deposition of the films (onto ITO glass electrodes, Figure
6.1) was carried out by galvanostatic techniques as described in section 2.2.6.

Figure 6.1: Photographs of: (a) PPy-carrageenan film deposited onto ITO glass after the
polymerisation and (b) the film after peeling off from the ITO glass.
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UV-vis absorption spectra (Figure 6.2) were obtained for transparent PPy films
synthesised using IC and KC in order to verify that PPy was obtained. Polymerisation
was allowed to proceed for just 5 minutes to avoid thick, opaque films. All films
showed characteristic absorption bands at 450 and 980 nm, assigned as π-π* absorption
and the bipolaron bands, respectively [314, 322]. These were in agreement with the
bands observed for PPy prepared by chemical polymerisation (see section 5.2). It can be
seen that dialysis treatment of the IC and KC results in an increase in the intensity of
absorption bands of the PPy-carrageenan films. For example, at 450 nm, the absorption
of PPy-IC was 1.6 au, compared to 2.1 a.u. for PPy-ICd (Figure 6.2). This shows that
there is more polymerised material and therefore, this may indicate an increase in the
purity of the carrageenan dopants from the dialysis treatment.

Figure 6.2: UV-vis absorption spectra of PPy-carrageenan films synthesised using IC and KC
untreated and treated with dialysis against NaCl.

155

6

Electrochemical Synthesis of Polypyrrole Using Carrageenan as a Dopant

6.2. Microscopy of PPy films
In order to take a closer look at the synthesised PPy films, SEM images were obtained.
It was revealed that all films exhibited a smooth surface which was expected for this
polymerisation method, as discussed in section 5.4.

SEM images in Figure 6.3 revealed that PPy-carrageenan has a nodular surface with
nodes having a diameter of 200-600 nm embedded in the IC and KC matrices. This
nodular morphology is commonly associated with electropolymerised PPy films [19,
105]. Similar results were obtained for PPy doped with other polysaccharides such as
hyaluronic acid and gellan gum [105, 117].

The surface morphology is well known to be greatly affected by the type of dopant
which is used during polymerisation [19]. Interestingly, PPy-IC films had a porous
surface structure compared to the non-porous structure observed for the PPy-KC films
(Figure 6.3b and d, respectively). This could be attributed to the difference in the
viscosity of the carrageenans solutions as discussed in section 3.4. Furthermore, PPy
spherical particles were visible in the films prepared without dialysing the KC, but
almost entirely covered by biopolymer in the film prepared with dialysis (Figure 6.3c
and d, respectively).
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Figure 6.3: SEM images of PPy films synthesised using: (a and b) IC treated and untreated
with dialysis against NaCl, respectively and (c and d) KC treated and untreated with
dialysis against NaCl, respectively.

6.3. Electrical conductivity of PPy films
In order to electrically characterise these films, the conductivity was evaluated using a
four-point probe technique outlined in section 2.3.5. The results indicate that dialysis
treatment of the carrageenan reduces the conductivity of the PPy-carrageenan films by
27% (Table 6.1). For example, the conductivity of the film prepared PPy-KC was 631 ±
66 S/m compared to 463 ± 50 S/m of the PPy-KCd film. This difference in conductivity
could be attributed to coverage of PPy by the biopolymer as observed in the SEM
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results (Figure 6.3). The insulating biopolymer may act as a barrier to electrical
transport.

By comparing this conductivity data to what was measured for chemically polymerised
PPy (section 5.5), the conductivity was 5 orders of magnitude higher. It has been
reported that the synthesis method, the type of dopants, the solvent and the monomer
concentration all influence the conductivity of PPy [19]. In addition, the electrical
conductivity of chemically prepared PPy is generally lower than that of PPy films
prepared electrochemically [323].

Table 6.1: Conductivity of PPy-carrageenan films synthesised using IC and KC untreated and
treated with dialysis against NaCl.

Rs Ω/□

σ (S/m)

0.0045 ± 0.002

35.2 ± 3.0

631 ± 66

0.0011 ± 0.001

183 ± 3.2

463 ± 50

0.0034 ± 0.002

43.8 ± 2.7

674 ± 49

0.0021 ± 0.001

93.2 ± 2.9

501 ± 31

Film

Thickness (cm)

PPy-IC
PPy-ICd
PPy-KC
PPy-KCd

6.4. Cyclic voltammetry of PPy films
PPy is able to undergo oxidative and reductive chemical processes [19]. The
electrochemical characteristics were investigated by cyclic voltammetry (CV)
measurements, obtained using the conditions described in section 2.3.10. The CV
spectra of PPy films synthesized using IC and KC treated with and without dialysis are
shown in Figure 6.4. All films exhibited the characteristic PPy redox couples. Doping
with IC results in oxidation and reduction peaks at -350 mV and -490 mV, respectively
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(Figure 6.4). These results are in good agreement with those observed for PPy doped
with the polysaccharide gellan gum, which exhibited oxidation and reduction peaks at 330 mV and -470 mV, respectively [117].

In contrast, doping with KC results in oxidation and reduction peaks at -250 mV and –
490 mV, respectively. The dialysis treatment served to shift the reduction peaks of PPyIC and PPy-KC to a higher potential (from -490 mV to -515 mV). In addition the
oxidation peak for PPy-KC was shifted to a higher potential whereas PPy-IC was not.
Hence, the CV is influenced by the type of carrageenan as well as dialysis treatment.

Figure 6.4: Cyclic voltammograms (in 0.1 M HCl) of PPy-carrageenan films synthesised using
IC and KC untreated and treated with dialysis against NaCl (0.2 M).
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6.5. Mechanical properties of PPy films
To gain insight into the physical characteristics of these films, the mechanical properties
of PPy films synthesised using IC and KC that was either untreated or treated with
dialysis was investigated using the methods described in section 2.2.8.

Tensile testing showed that, PPy-IC films were stiffer, stronger, tougher and more
ductile compared to PPy-KC films (Figure 6.5 and Table 6.2). Dialysing both IC and
KC prior to film formation had an additional strengthening effect. For example, PPy
films prepared using dialysed IC exhibited γ and TS values which were 63% and 37%
higher, respectively, compared to those of PPy-ICd film. This increase in mechanical
properties could be attributed to the higher degree of biopolymer surface coverage due
to the dialysis treatment which was observed in Figure 6.3. The dialysing process also
acted to purify the IC and KC; this removal of impurities, and hence polymer chain
defect, could results in the observed increase in the mechanical properties. These results
confirm that the mechanical properties of PPy films are influenced by the type of
carrageenan as well as whether or not the carrageenan has undergone dialysis treatment.

By comparing these mechanical properties with those measured for PPy films prepared
using chemical polymerisation in section 5.6, it can be seen that the TS, γ, T and E
values of electrochemically synthesised PPy-IC were all higher than for chemically
synthesised PPy-IC films. However, electrochemically synthesised PPy-KC only
exhibited an increase in γ and T values. Thus, it is evident that the synthesis method
impacts the mechanical properties of PPy films [324].
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Figure 6.5: Stress-strain curves of PPy-carrageenan films synthesised using IC and KC
untreated and treated with dialysis.

Table 6.2: Mechanical properties of PPy-carrageenan films prepared by using IC and KC
untreated and treated with dialysis against NaCl: Tensile strength (TS), strain-at-break (γ),
toughness (T) and Young‟s modulus (E).

Film

TS (MPa)

γ (%)

T (J/m3)

E (MPa)

PPy-IC

25.2 ± 3.6

11.6 ± 2.3

1.3 ± 0.1

256 ± 13

PPy-ICd

34.6 ± 6.8

18.9 ± 6.1

1.8 ± 0.3

282 ± 16

PPy-KC

6.5 ± 3.1

6.7 ± 1.1

0.2 ± 0.1

186 ± 14

PPy-KCd

12.6 ± 5.6

8.9 ± 3.7

0.5 ± 0.2

199 ± 13

6.6. Thermal stability of PPy films
Thermogravimetric analysis was carried out to assess the thermal stability of the PPycarrageenan films. These results were obtained using the conditions described in section
2.3.9, and are shown in Figure 6.6. All films exhibited a multistep decomposition
pattern. PPy films exhibited mass loss in the temperature range between 25 - 120 ºC,
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and showed only 9 % mass loss which corresponds to the evaporation of water [316].
The main mass loss of PPy-carrageenan films occurred in the range of 200 - 626 °C for
PPy films with dialysed carrageenans and in the range of 200 - 666 °C for PPy films
without dialysing the carrageenans. IC and KC display a characteristic minimum at ~
250 °C, as previously observed in section 5.7. The derivative weight loss curves exhibit
two minima within this range at 250 °C and 525 °C (Figure 6.6b) which correspond to
carrageenan and PPy polymer degradation, respectively. Dialysis of carrageenan prior
to the electrochemical synthesis PPy-carrageenan films results in an accelerated
degradation of the PPy due to the increased quantity of carrageenan (section 6.1) which
decomposes at a lower temperature. For example, using dialysed carrageenan in PPy-IC
film shifted the decomposition temperature from 510 °C to 432 °C, whereas, the PPyKC film showed a shift from 544 °C to 514 °C. Hence, the PPy films prepared without
dialysing the carrageenans resulted in an improved thermal stability compared to those
prepared with dialysis.

Figure 6.6: Thermogravimetric analysis (weight loss and derivative) of PPy-carrageenan films
synthesised using IC and KC untreated and treated with dialysis.
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6.7. Conclusion
The electrochemical synthesis of PPy, using carrageenan as a dopant, was achieved. All
characterisations were performed on PPy synthesised using the dopants IC and KC
which were untreated and treated with dialysis. UV-vis spectroscopy exhibited increases
in absorbance for PPy-IC and PPy-KC which were dialysed. Hence, this suggests that
the dialysis treatment purified the biopolymers. The effect of the type of dopant on the
properties of PPy-carrageenan films was studied. It was found that, using IC as a dopant
resulted in lower electrical conductivity, but higher mechanical properties compared to
using KC as a dopant. It was also noted that, the surface morphology of PPy-IC films
appeared “porous” whereas that of PPy-KC films appeared “non porous”. This could be
attributed to the difference in the viscosity between the two types of carrageenan
biopolymer.

In addition, the effect of dialysis (biopolymer purification) on the electrical, mechanical
and thermal properties along with the surface morphology was evaluated. The
conductivity of the PPy-carrageenan films was reduced by 27% compared to undialysed films. However, dialysis resulted in an improvement in the mechanical
properties. Surface morphology showed that coverage was greatly increased, while the
thermal stability was lowered due to dialysis treatment. These results, along with those
observed in chapters 4 and 5, demonstrated that the biopolymer, carrageenan, can be
used as a dopant in the synthesis of conducting electroactive PANi and PPy materials
with suitable electrical and mechanical properties.
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COMPOSITE FILMS PREPARED USING
7 CARBON NANOTUBES AND THE BIPOLYMER
ι-CARRAGEENAN
In this chapter, the dispersing of SWNTs and MWNTs using the biopolymer IC is
described. The optimum sonication time required to successfully disperse the CNTs was
determined using UV-vis spectroscopy and optical microscopy. Rheological studies
were performed on dispersions whilst varying the CNT and IC content in order to assess
its impact on flow behaviour. Composite films were prepared using evaporative casting
and vacuum filtration of the IC-CNT dispersions. To compare the effect of different
film preparation methods, the electrical and mechanical characteristics of these films
were studied. This chapter based on: Aldalbahi, A. and in het Panhuis, M., Electrical
and mechanical characteristics of buckypapers and evaporative cast films prepared
using single and multi-walled carbon nanotubes and the biopolymer carrageenan.
Carbon, 2012. 50(3): p. 1197-1208.

7.1. Optimisation of sonication time
The optimum time of sonication required to effectively disperse CNTs was determined
by monitoring the leveling of the UV-vis absorption intensity and the disappearance of
visible aggregates. Solutions of IC at 0.8% w/v containing 0.1% w/v MWNTs and
SWNTs were prepared as described in section 2.2.7. High viscosity is undesirable as it
decreases CNT mobility, which impedes efficient dispersion because energy is needed
to counteract this. Therefore, a concentration of IC solution was chosen such that they
were in their dilute states as established in section 3.4. Figure 7.1 shows IC-MWNTs
dispersions before and after the sonication process.
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Figure 7.1: IC (0.8% w/v) containing CNTs (a) before sonication and (b) after 20 minutes
sonication.

UV-visible-NIR spectroscopy can be used to study the dispersal process and it is a
quick and simple way to investigate the stabilization of CNTs in the dispersion [325,
326]. CNTs absorb at most wavelengths, while IC does not exhibit any bands for
wavelengths greater than 250 nm, thus, by monitoring a wavelength above this region,
the presence of CNTs was observed.

The UV-vis spectra of IC-MWNT and IC-SWNT dispersions as a function of sonication
time between 300 and 1000 nm are shown in Figure 7.2a and b. It can be seen that, the
CNT bands become more pronounced with longer sonication time, indicating that an
increasing amount of CNTs became dispersed with time. The optimum sonication time
was defined as the minimum amount of time required to effectively disperse the CNTs,
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as excess sonication can shorten or create defects in the tubes and hence reduce the
value of their properties [207, 212, 327].

From the spectra in Figure 7.2a and b, the absorption at a single wavelength was
selected (660 nm) and was plotted as a function of sonication time (Figure 7.2c). This
particular wavelength was selected as it corresponds to the maxima of an absorption
band related to the van Hove singularities for SWNTs [325, 326, 328].

As observed, the MWNTs absorbance becomes independent of sonication time at 20
minutes, therefore, this was chosen as the optimum sonication time. In contrast, the
SWNTs absorbance did not show a clear plateau for sonication up to 60 minutes.
Instead it was noted that the rate of increase in absorbance started to decrease at
approximately 35 minutes, i.e. an increase in intensity of 0.6 au over the first 30 minutes
of sonication was followed by an increase of 0.15 au between 35 and 50 minutes. This
change in slope at 35 minutes was chosen as the optimum sonication time. The
sonication energy (E) was calculated using:

where, P and t are the sonication power and time, respectively. The energy that was
required to completely disperse 15 mg of MWNT and SWNT is 14.4 ± 0.8 kJ and 25.2
± 1.1 kJ (Figure 7.2d); this translates to an expense of 0.96 kJ per mg and 1.68 kJ per
mg, respectively.
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Figure 7.2: Effect of increasing sonication time on the UV-visible absorption spectrum of a
dispersion containing (a) 0.1% w/v MWNTs and 0.8% w/v IC and (b) 0.1% w/v SWNTs and
0.8% w/v IC. All samples were measured after a 10-fold dilution. (c) Absorbance at 660 nm
versus sonication time and (d) absorbance versus energy for IC-MWNT (diamonds) and ICSWNT (triangles) dispersions. Arrows in (a) and (b) indicate the direction of increase in
sonication time.

To further verify these optimisation times, optical microscopy was used. Figure 7.3
shows that for short sonication times (5 minutes), large aggregates are present. On the
other hand, after 20 and 35 minutes sonication for MWNTs and SWNTs, respectively,
the images suggest that homogenous dispersions have been achieved.
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Figure 7.3: Optical microscope images of MWNTs and SWNTs dispersed in IC solution (a and
b) Images of MWNTs after 5 and 20 minutes sonication, respectively, and (c and d) Images of
SWNTs after 5 and 35 minutes sonication, respectively. All samples were imaged after a 10fold dilution.

Based on the above findings, sonication times of 20 and 35 minutes for MWNTs and
SWNTs, respectively, were selected as the optimum sonication times for ensuring that
the CNTs were well dispersed. The difference in the sonication time may be attributed
to the fact that MWNTs contain more impurities such as catalyst particles. These
particles, as well as other carbon impurities, can be present between the nanotubes in
the bundles, decreasing the contact area and weakening interaction between the
nanotubes in the bundles and aggregates; hence it was dispersed faster compared to the
strong van der Waals attraction between the purified HiPCO SWNTs which required a
longer time [218, 326]. To examine whether the effect of increasing the dispersant
concentration and the CNTs loading affects the optimum sonication time, composite
dispersions were prepared as follows: IC concentration was varied (0.8, 1.0 and 1.2%
w/v) while CNTs loading remained constant (0.1 % w/v) and then CNTs loading was
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varied (0.03, 0.06 and 1.0% w/v) while IC concentration remained constant (0.8% w/v)
as shown in Figure 7.4a and b, respectively.

Figure 7.4a shows that varying the dispersant concentration does not affect the optimum
sonication time. After 20 minutes of sonication, the absorbance remained constant for
all dispersions. Similar trends were observed for increasing the CNT concentration, i.e.
the MWNTs absorbance becomes independent of sonication time at 20 minutes (Figure
7.4b). Therefore, it can be concluded that optimum sonication time that is required to
disperse MWNTs was unaffected by dispersant concentration or the CNT loading
fraction.

Figure 7.4: (a) Absorbance versus sonication time for varying IC concentrations and (b)
absorbance versus sonication time for varying MWNT loading fraction. All samples were
imaged after a 10-fold dilution.

7.2. Stability of composite dispersions
It is important for the dispersions to be stable for a prolonged period (several days) to
facilitate processing of dispersions into films through vacuum filtration and evaporative
casting. Absorption spectra were taken for the composite dispersions over several days
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(Figure 7.5a). The absorbance of each dispersion at 660 nm was plotted as a function of
time. As in section 7.1, this particular wavelength was selected as it corresponds to the
maxima of an absorption band arising from the van Hove singularities for SWNTs.
Figure 7.5a and b show that the IC-CNT composite dispersions are constant over a
period of at least 10 days. This indicates that the CNTs have not precipitated out of
solution over this period of time. In addition, as can be seen in Figure 7.5c, the
dispersions were found to be stable for 2 months standing under ambient conditions
(21°C, RH= 45%).

Figure 7.5: (a) The UV-visible absorption at 21 °C for IC-MWNT and IC-SWNT dispersions
and (b) the absorbance at 660 nm wavelength as a function of time for IC-MWNT (diamonds)
and IC-SWNT (triangles) dispersions. (c) Dispersion after being left undisturbed for 2 months.
The concentration of IC and CNT are 0.8% w/v and 0.1% w/v, respectively. All dispersions
were imaged after a 10-fold dilution.
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7.3. Rheological study of dispersions
The sonication process is well known to have an effect on the molecular weight of the
biopolymer; producing broken chains and structural bonds [56]. This can increase the
flow rate and thus decrease the viscosity of the biopolymer solutions. This was observed
previously in section 3.8 where the viscosity of carrageenan solutions decreased as the
sonication time was increased. The viscosity of various dispersions of IC was measured
as described in section 2.3.2.

The IC solutions were sonicated for 20 and 35 minutes, which are the optimum times
for the dispersion of MWNTs and SWNTs (0.1% w/v), respectively. The viscosity of
these solutions was compared to that of unsonicated IC and dispersions containing
MWNTs and SWNTs, the latter two were both sonicated for their optimum times
(Figure 7.6a).

All IC solutions and their dispersions displayed shear thinning behaviour (Figure 7.6a).
For example, the viscosity (η) decreased with increasing shear rate ( ̇ ) which could be
fitted to the well-known power-law model (Equation 3.3). Previously in section 3.8, the
apparent viscosity and consistency (K) of IC solutions significantly decreased during
sonication. With increasing the sonication time, the IC solutions were found to become
less shear thinning (n increases), and thinner (K decreases). Here, the addition of CNTs
(0.1% w/v) resulted in 4.0 and 4.2-fold increases in apparent viscosity (at shear rate 21
s-1) and consistency, respectively, compared to the corresponding values for the
sonicated IC solutions (Table 7.1). In addition, increasing the CNT concentration from
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0.6% w/v to 1.0% w/v leads to thickening (K increases) of the dispersion. Similar
observations were made for the Bingham parameters (Equation 3.4). The model shows
that, the Bingham yield point (B) and Bingham flow coefficient (B) values
significantly decreased during sonication (Table 7.1). Addition of MWNTs and SWNTs
had the effect of increasing these values, i.e. the Bingham yield point value increased 5fold for each dispersion compared to the corresponding values for the sonicated IC
solutions. Thus, it is clear that sonolysis results in a decrease in apparent viscosity,
consistency, power law index and Bingham parameters values, while the addition of
CNTs results in the opposite effect.

Table 7.1: Summary of flow curve analysis (at 21 °C) for IC solutions and IC-CNT dispersions.
Consistency (K) and power law index (n) were obtained through curve-fitting with the power
law model (Equation 3.3). Bingham yield point (B) and Bingham flow coefficient (B) values
were obtained through curve-fitting with the Bingham model (Equation 3.4). η21 represents the
measured viscosity at shear rate 21 s-1. The naming of the samples is as follows: biopolymer
concentration-CNT concentration, i.e. “IC08-MW006” indicates a dispersion with ι-carrageenan
(IC) and SWNT (SW) concentrations of 0.8% w/v and 0.06% w/v, respectively.

B
(Pa)

ηB
(Pa.s)

η21
(mPa.s)

0.88 ± 0.02

0.22 ± 0.01

0.044 ± 0.001

53.2 ± 1.3

16.9 ± 0.5

0.65 ± 0.01

0.05 ± 0.01

0.003 ± 0.001

5.4 ± 0.2

35

11.2 ± 0.3

0.66 ± 0.01

0.03 ± 0.01

0.002 ± 0.001

3.7 ± 0.2

IC08-MW006

20

12.8 ± 0.3

0.86 ± 0.02

0.04± 0.01

0.006 ± 0.001

8.4 ± 0.7

IC08-MW01

20

39.9 ± 0.8

0.67 ± 0.01

0.15 ± 0.01

0.008 ± 0.001

14.9 ± 0.9

IC08-SW006

35

54.7± 0.9

0.57± 0.02

0.09± 0.01

0.005± 0.001

14.1 ± 0.9

IC08-SWNT01

35

87.1 ± 1.4

0.53 ± 0.01

0.27 ± 0.01

0.008 ± 0.001

20.4 ± 1.0

Sample

ST
(min)

K
(mPa.sn)

IC08

0

75.5 ± 1

IC08

20

IC08

n
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Figure 7.6: Shear rate versus (a) apparent viscosity and (b) Shear stress for typical IC solutions
(0.8% w/v) at different sonication times and IC-CNT (IC concentration = 0.8% w/v, CNT
concentration = 0.1% w/v) dispersions. The lines in (a) and (b) are fits to Equations 3.3 and 3.4,
respectively. All samples were measured at 21 °C.

7.4. Electrical characteristics of composite films
Free-standing composite films were prepared by evaporative casting and vacuum
filtration of IC-CNT dispersions (Figure 7.7). The current – voltage (I-V) characteristics
of IC and IC-CNT films were investigated under ambient conditions (21 °C, 45% RH).
All composite films exhibited linear I-V characteristics, which indicate Ohmic
behaviour.

The calculated resistances represent the total resistance (RT), which includes a
contribution of the electrode-film contact resistance (RC). Previously, it has been shown
that RT scales with length l according to Equation 2.1 [35, 36, 45]. The slope of the
straight line fit to Equation 2.1 can then be used to calculate the bulk conductivities
(Figure 7.8a and Table 7.2). The CNT mass fraction (Mf) was obtained using flowing
equation:
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where mCNT and mtotal are the mass amount of CNT and total mass amount of CNT and
IC, respectively.

Figure 7.8b shows that increasing the Mf increases the conductivity of the composite
films regardless of CNTs used. However, at equal Mf the conductivity values exhibited
by SWNT composite films are lower compared to those observed for MWNT
composite. For example, the values for SWNT and MWNT films with Mf = 0.111 are
118 ± 16 S/m and 560 ± 90 S/m, respectively.

It is well known that CNT mass fraction does not account for the difference in volume
between SWNT and MWNT, as is evident from the difference in their density values,
i.e. 1500 kg/m3 (SWNT) and 2150 kg/m3 (MWNT) [40, 329]. Therefore, CNT volume
fraction (Vf) is a more appropriate measure of comparison, which was calculated using
the experimentally determined density value for IC (1630 ± 50 kg/m3) and a rules-ofmixtures expression:

where mCNT, mIC, ρCNT, and ρIC are the mass amounts and density values of CNTs and
IC, respectively. Figure 7.9a and Table 7.2 show that at similar Vf the conductivity
values exhibited by SWNT composite films are lower compared to those observed for
MWNT composites.
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Figure 7.7: Photographs of typical: (a) IC-CNT dispersion and IC solution, and (b) films
prepared by evaporative casting and vacuum filtration.

Figure 7.8: Electrical conductivity of films prepared by evaporative casting. (a) Resistance
versus length for IC-MWNT (diamonds) and IC-SWNT (triangles) films with CNT:IC ratio =
0.10. The straight lines are fits to Equation 2.1. (b) Electrical conductivity of IC-MWNT
(diamonds) and IC-SWNT (triangles) films as a function of CNT mass fraction.

It is not straightforward to relate the electrical conductivity values of buckypapers to
CNT mass fraction due to the vacuum filtration process. To accurately determine the
CNT mass fraction would require detailed spectroscopic analysis of the filtrate to
determine what proportion of the CNTs and IC has passed through the membrane. This
is a cumbersome and time-consuming process. Instead, it can be shown that the contact
angle is proportional to the CNT mass fraction and can be used to calculate the true
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nanotube volume fraction. Figure 7.9b shows that the contact angle (θ) increases with
increasing CNT mass fraction, indicating that hydrophobicity increases with carbon
nanotube content. Moreover, SWNT and MWNT films with the same CNT mass
fraction exhibit comparable contact angles (Table 7.2). For example, the contact angle
values for SWNT and MWNT composite materials at CNT mass fraction = 0.111 are
42.4 ± 0.4º and 45.7 ± 0.8º, respectively. Plotting contact angle versus conductivity
(Figure 7.10a), then clearly reveals that MWNT composite materials yield higher
conductivity values compared to SWNT materials with comparable contact angle
values. This demonstrates that SWNT and MWNT films with similar CNT mass
fractions have comparable contact angles, but exhibit different conductivity values.

The data shown in Figure 7.9b can be used to demonstrate that the contact angle scales
with CNT mass fraction according to:

where k and θ0 represents a proportionality constant and the contact angle at Mf = 0,
respectively. The slope of the straight line fit to Equation 7.4 (Figure 7.9b), yield k
values of 95 ± 10° and 100 ± 16° for MWNT and SWNT composites, respectively. The
corresponding θ0 values (evaluated from the intercept) are θ0 = 34.9 ± 0.8° (MWNT)
and 30.8 ± 1.3 ° (SWNT). This can be used to estimate the CNT mass fraction for films
prepared by vacuum filtration.
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Figure 7.9: Electrical conductivity and contact angle of films prepared by evaporative casting.
(a) Electrical conductivity of IC-MWNT (diamonds) and IC-SWNT (triangles) films as a
function of CNT volume fraction. (b) Contact angle of water with IC-MWNT (diamonds) and
IC-SWNT (triangles) films as a function of CNT mass fraction. The straight lines are fits to
Equation 7.4.
Table 7.2: Summary of the contact angle (θ), CNT mass fraction (Mf), density (ρfilm) and
conductivity (σ) values for films (E1-10) prepared by evaporative casting. CNT volume (Vf) and
true CNT volume (Vft) fraction values are calculated using Equations 7.3 and 7.5, respectively.
The naming of the dispersions is as follows: biopolymer concentration-CNT concentration, i.e.
“IC08-MW003” indicates a dispersion with ι-carrageenan (IC) and MWNT (MW)
concentrations of 0.8% w/v and 0.03% w/v, respectively.
Film

Dispersion

Mf

ρfilm (kg/m3)

Vf

Vft

θ (°)

σ (S/m)

E1

IC08-MW003

0.0361

1361 ± 124

0.0276

0.0229

38.2 ± 1.2

36 ± 6

E2

IC08-MW006

0.0698

1435 ± 163

0.0538

0.0466

42.3 ± 1.1

82 ± 11

E3

IC08-MW010

0.1111

1499 ± 230

0.0866

0.0775

45.7 ± 0.8

558 ± 90

E4

IC10-MW010

0.0909

1573 ± 126

0.0705

0.0665

43.1 ± 0.7

420 ± 54

E5

IC12-MW010

0.0769

1618 ± 159

0.0594

0.0579

42.2 ± 0.8

260 ± 29

E6

IC08-SW003

0.0361

1320 ± 74

0.0754

0.0318

35.1 ± 0.9

0.057 ± 0.009

E7

IC08-SW006

0.0698

1386 ± 100

0.0392

0.0645

37.1 ± 0.6

25 ± 4

E8

IC08-SW010

0.1111

1418 ± 47

0.120

0.105

42.5 ± 0.4

118 ± 16

E9

IC10-SW010

0.0909

1475 ± 55

0.0980

0.0894

40.0 ± 0.9

82 ± 8

E10

IC12-SW010

0.0769

1540 ± 50

0.0830

0.0790

37.5 ± 0.8

6 ± 0.06
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The dependence of contact angle on conductivity for films prepared by vacuum
filtration is shown in Figure 7.10b. The contact angle data is then converted into
estimated CNT mass fraction using Equation 7.4 and the proportionality
information for the CNTs. In contrast to evaporative cast films, SWNT
composite films exhibit higher conductivity values compared to those observed
for MWNT composites at comparable contact angles and CNT mass fractions
(Table 7.3 and Figure 7.10c). For example, the conductivity values of SWNT
and MWNT films with estimated CNT mass fraction of ~0.41 are 7600 S/m and
3200 S/m, respectively. Films prepared by vacuum filtration result in a lower
carrageenan: CNT ratio than evaporative casting. A film lower carrageenan:
CNT ratio will have more CNT-CNT junctions than CNT-carrageenan junctions,
hence higher conductivity. Evaporative cast films contain a higher carrageenan:
CNT ratio and therefore have less CNT-CNT junctions, resulting in a lower
conductivity.

Figure 7.10: Electrical conductivity versus contact angle for films prepared by (a) evaporative
casting and (b) vacuum filtration. Electrical conductivity versus (c) CNT mass fraction and (d)
true CNT volume fraction for films prepared by evaporative casting and vacuum filtration. The
small and large dashed lines in (d) indicate the limiting conductivity of nanotube-only films
using SWNT and MWTN, respectively. The solid line is a fit to Equation 7.6. Diamonds and
triangles indicate IC-MWNT and IC-SWNT films, respectively.
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Table 7.3 illustrates that unlike for evaporative cast films; the vacuum filtered films are
more porous in nature as their density values are lower than either that of the polymer or
the CNTs. The porosity is also evident from the SEM images.

Table 7.3: Summary of the contact angle (θ), film density (ρfilm), CNT mass (Mf) and
conductivity (σ) values for films (BPs) prepared by vacuum filtration. CNT volume fraction (Vf)
and true CNT volume (Vft) fraction values are calculated using Equations 7.4 and 7.5,
respectively. The naming of the dispersions is as follows: biopolymer concentration-CNT
concentration, i.e. “IC024-MW002” indicates a dispersion with ι-carrageenan (IC) and MWNT
(MW) concentrations of 0.24% w/v and 0.02% w/v, respectively.
Film

Dispersion

Mf

ρfilm (kg/m3)

Vf

Vft

θ (o)

σ (S/m)

B1

IC024-MW002

0.388

332 ± 99

0.325

0.0600

71.9 ± 2.1

2880 ± 500

B2

IC024-MW0033 0.411

504 ± 23

0.346

0.0963

74.1 ± 1.7

3320 ± 500

B3

IC024-MW0039 0.447

575 ± 12

0.380

0.120

77.5 ± 1.4

3750 ± 500

B4

IC030-MW0033 0.387

562 ± 36

0.324

0.101

71.8 ± 1.6

2160 ± 230

B5

IC036-MW0033 0.311

637 ± 119

0.255

0.0922

64.6 ± 1.5

1150 ± 210

B6

IC024-SW002

0.390

452 ± 12

0.410

0.118

69.6 ± 2.1

3980 ± 700

B7

IC024-SW0033

0.409

522 ± 38

0.429

0.142

71.5 ± 2.3

7600 ± 1000

B8

IC024-SW0039

0.440

608 ± 31

0.461

0.179

74.6 ± 2.3

11700 ± 1600

Figure 7.11a and b show that there is a significant difference in surface morphology
between the two types of films. The difference in morphology can be attributed to the
vacuum filtration process, which partially removes CNTs and IC. The carbon nanotubes
are clearly visible in the buckypaper sample, but almost entirely covered by biopolymer
in the sample prepared by evaporative casting.
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Furthermore, the SEM images confirm that an increase in contact angle for buckypaper
samples corresponds to a decrease in biopolymer coverage, i.e. an increase in CNT
mass fraction (Figure 7.11b and d). Therefore, the porosity needs to be accounted for in
a calculation of the CNT volume fraction, rather than using a rules-of-mixtures
expression (Equation 7.2). The true CNT volume fraction (Vft) can be calculated using
contact angle information (Equation 7.4) as follows:
.
where VCNT, Vfilm and ρfilm are the CNT and film volumes, and the film density,
respectively. This yields Vft values of 0.06 – 0.18 for the films prepared by vacuum
filtration, and 0.02 – 0.10 for films prepared by evaporative casting. It is also evident
that the CNTs occupy a larger volume in the SWNT composite materials at similar CNT
mass fraction values. For example, SWNT and MWNT films with CNT mass fraction
of ~0.41 exhibit Vft values of 0.15 and 0.10, respectively. Figure 7.10d shows that up to
a true CNT volume fraction of 0.12 the conductivity of composite films prepared with
MWNT are higher compared to those prepared with SWNT.

What happens at higher volume fraction? It has been determined that the conductivity of
nanotube films consisting of SWNT is higher than those consisting of MWNT. For
example, films prepared using an organic solvent instead of a polymer dispersant
yielded conductivity values of ~5500 S/m and ~20000 S/m for MWNT and SWNT
materials, respectively [330, 331]. Hence, the MWNT films with Vft = 0.12 and σ =
3750 S/m is already approaching this limiting conductivity value. Based on the higher
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conductivity values (> 5500 S/m) observed for SWNT films, it would be reasonable to
assume that these films will outperform the MWNT films for Vft > 0.14 (Figure 7.10d).

It is not entirely clear at present why MWNT films are more conducting than SWNT
film for true nanotube loading fractions below 0.12. It is likely that the observed
difference in conductivity of composite materials may be related to the biopolymer
being able to achieve a more complete coating of the SWNT surface compared to that of
MWNT. This in turn would affect the resistance of the intra-CNT and CNT-polymerCNT junctions as previously observed [35, 36, 214, 332, 333]. Furthermore, it has been
shown that in gel-CNT films and hydrogels, the CNT-polymer-CNT junctions can act
as a tunnelling barrier [214]. Hence, the difference in conductivity and contact angle of
films prepared by evaporative casting and vacuum filtration, suggests that CNTpolymer-CNT junctions may play a more significant role in evaporative cast films than
in buckypapers.

Previously, it was observed that percolation scaling can persist beyond the percolation
threshold up to higher volume fractions, obeying the scaling law [329]:

where σ0 is related to the conductivity of the CNTs and t is the conductivity exponent.
Percolation scaling was observed for all MWNT films, with t = 2.9 ± 0.6 and log (σ0) =
4.2 ± 0.7. Although this t value is higher than the calculated for a 3D percolative system
(t = 2.0), it is in reasonable agreement with a previously reported value (t = 2.22) [329].
In contrast, applying this percolation scaling to the SWNT data did not yield a realistic
value (t = 7.9 ± 1.5), suggesting that scaling does not apply up volume fraction value of
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0.20. It is assumed that this difference in percolation scaling may also be related to the
observed difference in conductivity values for the CNT films.

Figure 7.11: Scanning electron microscopy images of IC-CNT composite materials. Image (a)
represent a typical sample prepared by evaporative casting (contact angle = 46º). Images (b), (c)
and (d) correspond to typical samples prepared by vacuum filtration with contact angles 74º, 72º
and 65º, respectively.

7.5. Mechanical characteristics of composite films
The CNT mass or volume fraction in composite materials can be modified by changing
the concentration of the constituents in the dispersion using two methods: (i) changing
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CNT concentration, while keeping the IC concentration constant; and (ii) modifying the
IC concentration, while keeping the CNT concentration constant.

Figure 7.12a shows that for IC-MWNT composites prepared by evaporative casting the
overall trend of decreasing conductivity with decreasing CNT mass fraction are
independent of methods used to change this ratio. However, Young‟s modulus and
tensile strength values display different trends (Figure 7.12b-c and Table 7.4). They
increase with decreasing CNT mass fraction for materials prepared by modifying the
ratio via method (i), while they decrease upon changing the ratio through method (ii).
This suggests that the electrical characteristics of these materials are determined by the
relative amounts of mass of CNTs and polymer, while the mechanical characteristics are
governed by absolute amounts of mass.

Here it is suggested that this behaviour can be explained as follows. It is well known
that incorporating CNTs can result in mechanical reinforcement of a polymer matrix,
which scales with the CNT concentration [22]. Therefore, decreasing the CNT mass or
volume fraction by reducing the amount of CNTs (while keeping the IC concentration
constant), will reduce this reinforcement effect. This results in the observed decreases in
Young‟s modulus and tensile strength values. Furthermore, it is well known that the
modulus of elasticity scales with polymer concentration. Decreasing the CNT mass or
volume fraction by increasing the amount of IC (while keeping CNT concentration
constant) will therefore results in the observed increase in stiffness (Young‟s modulus).
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The effect on the electrical conductivity is the same in both cases of changing the CNT
mass or volume fraction, i.e. decreasing the concentration of CNTs (at constant IC
amount) results in a decrease in the number of intra-CNT junctions with respect to the
number of CNT-polymer-CNT junctions. Increasing the IC concentration (at constant
CNT amount) has the same effect on the number of junctions. Both approaches reduce
the number of conducting pathways resulting in lower conductivity.

Table 7.4: Mechanical characteristics and contact angle (θ) of IC-MWNT composite films
prepared by evaporative casting and vacuum filtration. E1-5 and B1-5 refer to IC-CNT films as
listed in Tables 7.2 and 7.3. E, TS and γ refer to Young‟s modulus, tensile strength and strainat-break, respectively.
Film

θ

E (MPa)

TS (MPa)

γ (%)

E1

38.2 ± 1.2

859 ± 105

15.0 ± 1.0

4.0 ± 1.0

E2

42.3 ± 1.1

935 ± 93

16.0 ± 2.0

5.0 ± 1.0

E3

45.7 ± 0.8

1341 ± 95

32.3 ± 6.5

7.6 ± 2.7

E4

43.1 ± 0.7

2466 ± 272

37.8 ± 8.6

6.0 ± 0.4

E5

42.2 ± 0.8

2602 ± 174

39.5 ± 6.0

6.5 ± 0.6

B1

71.9 ± 2.1

1415 ± 62

7.2 ± 1.0

1.2 ± 0.3

B2

74.1 ± 1.7

1449 ± 36

12.0 ± 0.4

2.3 ± 0.2

B3

77.5 ± 1.4

2665 ± 71

23.9 ± 1.3

3.4 ± 0.6

B4

71.8 ± 1.6

1515 ± 41

13.5 ± 0.9

2.6 ± 0.4

B5

64.6 ± 1.5

1832 ± 48

22.5 ± 3.5

3.3 ± 1.0
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Figure 7.12: Young‟s modulus (a), tensile strength (b) and electrical conductivity (c) versus
CNT mass fraction for IC-MWNT films prepared by evaporative casting. Diamonds and
triangles indicate films for which the CNT mass fraction was modified by varying the amount
of IC at constant CNT amount and varying the amount of CNT at constant IC amount,
respectively.

In the previous section (7.3), it was demonstrated that contact angle increases with
increasing CNT mass and volume fraction. This allows a comparison between films
prepared by evaporative casting and vacuum filtration (Figure 7.13 and Tables 7.2-7.4).
Conductivity, Young‟s modulus and tensile strength values increase with contact angle,
coupled with a decrease in extensibility for films prepared via method (i). Buckypapers
prepared via this method are more robust and conducting, but less ductile compared to
evaporative cast films. Films prepared via method (ii) behave differently; conductivity
still increases with contact angle, but now Young‟s modulus, tensile strength and
extensibility values all decrease with contact angle. Buckypapers prepared via this
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method are more conducting, but less robust and ductile compared to evaporative cast
films. Hence, it is clear that the observed trends for electrical and mechanical properties
are independent of the method of film preparation (Figure 7.13e and f).

Figure 7.13: (a) Electrical conductivity and (c) Young‟s modulus of films prepared by varying
IC concentration at constant MWNT concentration. (b) Electrical conductivity and (d) Young‟s
modulus of films prepared by varying MWNT concentration at constant IC concentration. (e)
and (f) show conductivity and Young‟s modulus for all samples. Triangles and diamonds
indicate films prepared by evaporative casting (EC) and vacuum filtration (VF), respectively.
Arrows indicate trend with contact angle.
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7.6. Conclusion
MWNTs and SWNTs were successfully dispersed using the biopolymer IC. It was
found that MWNTs required less sonication time compared to SWNTs, i.e. 20 minutes
versus 35 minutes. By increasing the concentration of the biopolymers, and the CNT
loading fractions the optimised time for the CNT dispersion was not affected.
Rheological investigations showed that sonolysis of IC solution results in a decrease in
the apparent viscosity, consistency and Bingham parameter values, while the addition of
CNTs results in the opposite effect compared to the corresponding values for the
sonicated IC solutions.

The electrical and mechanical characteristics of composite films prepared using
evaporative casting and vacuum filtration of CNTs dispersed in the biopolymer IC has
been investigated. SWNT and MWNT evaporative cast films with similar CNT mass
and volume fractions were found to exhibit different conductivity values. For example,
the values for SWNT and MWNT composites with CNT volume fraction = 0.125 are
118 ± 16 S/m and 560 ± 90 S/m, respectively. It is not straightforward to determine the
CNT mass (or volume) fraction for buckypapers due to the vacuum filtration process.
Instead, it was demonstrated that the contact angle is proportional to the CNT mass
fraction, which is used to estimate the true CNT volume fraction values. MWNT
composite films exhibit higher conductivity values compared to those observed for
SWNT composite at true nanotube volume fractions < 0.12. It is suggested that the high
conductivity values (>7500 S/m) observed for SWNT composites with true nanotube
volume fraction > 0.14 will outperform MWNT films due to the difference in limiting
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conductivity values for nanotube-only SWNT and MWNT films. For example, the
observed conductivity of 3750 S/m for a MWNT film with a true nanotube volume
fraction of 0.12 is already close to its limiting conductivity value (5500 S/m).
Furthermore, contact angle analysis was used to compare the properties of buckypapers
with those of evaporative cast films. Buckypapers prepared by varying the absolute
amount of mass of CNTs while keeping the amount of IC mass constant, were found to
be more robust and conducting compared to evaporative cast films. In contrast,
buckypapers prepared by changing the amount of IC mass while keeping the CNT
amount of mass constant were found to be more conducting, but less robust compared
to evaporative cast films. These observations suggest that the electrical characteristics
of these materials are determined by the relative amounts (mass or volume) of CNTs
and polymer, while the mechanical characteristics are governed by absolute amounts
(mass or volume).
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COMPOSITE FILMS PREPARED USING
8 CARBON NANOTUBES AND THE BIPOLYMER
κ-CARRAGEENAN

Two different film preparation methods using KC to disperse CNTs (MWNT and
SWNT) are discussed in this chapter. The dispersions were analysed using UV-vis
spectroscopy to optimise the sonication time and analyse the stability of the dispersions
over time. Free-standing composite films were prepared using evaporative casting and
vacuum filtration processes. These composite films were characterised using electrical,
mechanical and microscopy techniques to compare the two casting methods. Gas
sensing properties of the composite films were investigated. This chapter is based on:
Aldalbahi, A., Chu, J., Feng, P. and in het Panhuis, M., Conducting composite
materials from the biopolymer kappa-carrageenan and carbon nanotubes. Beilstein
Journal of Nanotechnology, 2012. 3: p.415-427.

8.1. Optimisation of sonication time
UV-vis spectroscopy was carried out on KC-CNT dispersions which were prepared as
described in section 2.2.7. A concentration of 0.50% w/v of KC was used to disperse
CNTs at concentration of 0.10% w/v (Figure 8.1) such that it was in a dilute state as
observed previously in section 3.4. The choice of KC concentration is important
because, as stated previously in section 7.1, a high viscosity biopolymer is undesirable,
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as it decreases the CNT mobility which impedes efficient dispersion. It is well know
that, an excess sonication can reduce the quality of CNTs properties [207].

Figure 8.1: Photographs of a typical KC solution and KC-CNT dispersion.

As in section 7.1, the optimum sonication time was determined by monitoring the
leveling of the UV-vis absorption intensity. This optimisation is necessary as it has been
reported that excess sonication leads to damage of the nanotubes [207, 212]. The
UV-vis spectra of CNT dispersions containing KC, as a function of sonication time are
shown in Figure 8.2a and b. Similarly to using IC as a dispersant, it can be seen that, the
CNT bands become more pronounced with longer sonication time, indicating that an
increasing amount of CNTs became dispersed with time.

The absorbance of the KC-CNT dispersion at a single wavelength (660 nm) was plotted
as a function of sonication time (Figure 8.1c). Since the sonication power was known to
be 12 W, the energy (E) was calculated using Equation 7.1. A plot of absorbance as a
function of energy is shown as an inset in Figure 8.1c. This Figure clearly shows that
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the absorbance of MWNTs becomes independent of sonication at 20 minutes, which
corresponds to 14.4 ± 0.8 kJ of sonic energy.

In contrast, the SWNTs‟ absorbance becomes independent of sonication at an
increased time of 35 minutes, which corresponds to 25.2 ± 1.1 kJ of sonic energy. The
energy that was required to completely disperse 15 mg translates to an expense of 0.96
kJ per mg and 1.68 kJ per mg for MWNTs and SWNTs, respectively i.e. SWNTs are
1.75 times more costly to disperse compared to MWNTs. These results are identical to
those recorded using IC to disperse CNTs (section 7.1). Due to their analogous
chemical structure, it has been shown that the mobility of the carrageenans during the
dispersion process is the same. Therefore, it is suggested that, the optimum sonication
time is not dependent upon the type of carrageenan biopolymer.

Optical microscopy revealed the presence of aggregates in the dispersions subjected to
short sonication times (5 min), see Figure 8.2d. In contrast, after 20 and 35 min of
sonolysis no aggregates were visible, suggesting that homogenous dispersions were
achieved. Therefore, these sonication times (20 and 35 minutes) were selected as being
optimal for ensuring that the MWNTs and SWNTs were well dispersed in the KC
solution.
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Figure 8.2: Effect of increasing sonication time on the UV-visible absorption spectrum of a
dispersion containing (a) 0.10% w/v MWNTs and 0.50% w/v KC and (b) 0.10% w/v SWNTs
and 0.50% w/v KC. (c) Absorbance at 660 nm versus sonication time and energy (inset) for
KC-MWNT (diamonds) and KC-SWNT (triangles) dispersions. (d and e) KC-SWNTs after 5
and 35 minutes sonication, respectively. All samples were measured at 21 °C. Arrows indicate
increasing sonication time.

8.2. Stability and rheology of optimised dispersions
Wet-processing methods such as vacuum filtration and evaporative casting require
dispersions which are stable for several days. Stability was assessed by monitoring the
UV-vis absorbance as a function of time. Figure 8.3a shows that the KC-CNT
dispersions are reasonably stable for a period of at least 10 days. In addition, these
dispersions appeared to be stable after 2 months of storage under controlled conditions
(21 °C, RH= 45%, Figure 8.3b). The flow curves of KC-CNT dispersions and sonicated
KC solutions are shown in Figure 8.3c and d. It is clear that the apparent viscosity and
consistency of KC solutions decreased significantly during sonication, while the power
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low index value increased (Table 8.1). For example, over 35 minutes of sonication the
consistency decreased from 637.4 ± 4.4 mPa.sn to 5.8 ± 0.1 mPa.sn, while n increased
from 0.46 to 0.80. This suggests that sonication results in solutions which are thinner (K
decreases) and less shear-thinning (n increases). This is in agreement with previous
observations, i.e. sonolysis reduces the molecular weight of biopolymer, resulting in a
decrease in viscosity [56, 290]. The addition of CNTs resulted in dispersions that were
thicker (K increases) and more shear thinning (n decreases) than the corresponding
sonicated KC solutions (Table 8.1). Similar observations were made for the Bingham
parameters, i.e. sonolysis reduced the τB and ηB values, while the addition of CNT
resulted in increased values. As expected, the addition of glycerin did not dramatically
affect the flow properties of the KC-CNT dispersions. Glycerin is a Newtonian fluid,
i.e. n ~ 1 indicating that its viscosity is independent of shear rate (Table 8.1).
Table 8.1: Summary of flow curve analysis at a shear rate range of 10-100 s-1 and at 21 °C for
KC solutions, KC-CNT and KC-CNT-G dispersions for different sonication time (ST).
Concentration of KC, CNT and G are 0.5% w/v, 0.10% w/v and 0.25% w/v, respectively.
Consistency (K) and power law index (n) values were obtained through curve-fitting with the
power law model (Equation 3.3). Bingham yield point (B) and Bingham flow coefficient (B)
values were obtained using the Bingham model (Equation 3.4). The naming of the samples is as
follows: biopolymer concentration-CNT concentration-glycerin concentration, i.e. “KC05MW01-G025” indicates a dispersion with κ-carrageenan (KC), MWCNT (MW) and glycerin
(G) concentrations of 0.5% w/v, 0.1% w/v and 0.25% w/v, respectively.
Sample
KC05
KC05
KC05
G025
KC05-MW01
KC05-MW01-G025
KC05-SW01
KC05-SW01-G025

ηB
(Pa.s)

K
(mPa.sn)

0

637.4 ± 4

0.46 ± 0.01

20

11.2 ± 0.2

0.72 ± 0.01

0.04 ± 0.01

0.003 ± 0.001

35

5.8 ± 0.1

0.80 ± 0.01

0.02 ± 0.01

0.002 ± 0.001

0

1320 ± 0.1

0.99 ± 0.01

0.19 ± 0.02

1.314 ± 0.002

20
20
35

648.5 ± 4.4
662.9 ± 5.7
814.4 ± 4.4

0.28 ± 0.01
0.32 ± 0.01
0.21 ± 0.01

1.21 ± 0.02
1.35 ± 0.01
1.29 ± 0.01

0.014 ± 0.001
0.013 ± 0.001
0.010 ± 0.001

35

849.4 ± 8.5

0.26 ± 0.01

1.26 ± 0.01

0.014 ± 0.001
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B

ST
(min)

(Pa)
1.88 ± 0.17

0.047 ± 0.003
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Figure 8.3: (a) UV-vis absorbance at 21 °C and at 660 nm wavelength for MWNTs (diamonds)
and SWNTs (triangles) dispersions as a function of time. (b) Photographs of KC-MWNT (1)
and KC-SWNT (2) dispersions after being left undisturbed for two months. (c) Apparent
viscosity as a function of shear rate for undiluted glycerin (G) , KC solutions (0.5% w/v) at
different sonication times and KC-CNTs (KC concentration = 0.5% w/v, CNT concentration =
0.1% w/v) dispersions, (d) Shear stress versus shear rate of unsonicated KC, at different
sonication times of KC solutions and KC-CNTs dispersions. The lines in (b) and (c) are fits to
Equations 3.3 and 3.4, respectively.

8.3. Electrical conductivity of films
Free-standing films were prepared by evaporative casting and vacuum filtration of KCCNT dispersions (Figure 8.4a and b). All films exhibited linear I-V characteristics, i.e.
Ohmic behaviour (Figure 8.5a). The total resistance (RT) increased with channel length
(Figure 8.6b), and was found to scale linearly with sample length according to Equation
2.1. The slope of the straight line fit to Equation 2.1 was then be used to calculate the
bulk conductivities (Table 3).
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Figure 8.4: Photographs of: (a) KC and KC-CNT composite films prepared by evaporative
casting and (b) KC-CNT composite films prepared by vacuum filtration method.

Due to the difference in the density values of MWNTs (2150 kg/m3) and SWNTs (1500
kg/m3) [40, 329], it is not appropriate to compare in terms of mass fraction, rather the
volume fraction is more suitable. The CNT mass (Mf) and volume (Vf) fractions of films
prepared by evaporative casting were obtained from Equations 7.2 and 7.3, respectively.
The density value of KC was determined experimentally (1220 ± 60 kg/m3) and the
well-known density values of G (1260 kg/m3) and the CNTs were used to calculate the
CNT volume fraction.

It was found that evaporative cast MWNT films exhibited higher conductivity values
compared to SWNT films at similar volume fraction, Vf ~ 0.10. The conductivity of
SWNT films with higher volume fraction (Vf = 0.13) was still lower than that of a
MWNT film with Vf = 0.10. These results are in agreement with the previous
observations for IC-CNT composite materials (section 7.4).
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Figure 8.5: (a) I-V characteristics for KC-CNT (channel length 2 cm) and (b) resistance as a
function of length for KC-CNT composite films prepared by evaporative casting (EC) and
vacuum filtration (VF) of KC-CNT dispersions. The straight lines in (b) are fits to Equation 2.1.

It was not possible to calculate the CNT mass or volume fractions for buckypapers, as it
is not known what was lost during the filtration process. In section 7.4, it was revealed
that the contact angle increases linearly with CNT mass and volume fraction. The
contact angle of all buckypaper materials is higher than those of evaporative cast films
(Table 8.2). This could suggest that the CNT mass/volume fraction in the buckypapers
is higher than those of the evaporative cast samples. This is supported by the difference
in the surface morphology as observed by SEM images (Figure 8.6), i.e. the biopolymer
coverage of the CNTs is more extensive for evaporation cast films than for
buckypapers. The lower degree of coverage can be attributed to the partial removal of
KC and CNTs during the vacuum filtration process. These observations are supported
by the difference in conductivity between cast (740 S/m) and buckypaper (2540 S/m)
SWNT composite films, with similar results observed for the MWNT composite films.
Hence, it is clear that the partial removal of KC results in an increase in the
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conductivity. The conductivity values of KC-SWNT buckypapers (2540 ± 160 S/m),
were higher compared to those of the KC-MWNT buckypapers (1640 ± 160 S/m).

Figure 8.6: SEM image of (a) KC-CNT and (b) KC-CNT-G composite films prepared by
evaporative casting method. (c) KC-CNT and (d) KC-CNT-G composite films, respectively,
prepared by vacuum filtration method. Contact angle values for (a-d) are 64º, 56º, 77º and 72º,
respectively.

Incorporation of the hydrophilic plasticiser glycerin in the composite films reduced their
conductivity and contact angle values. For example, the conductivity for KC-SWNT
film prepared by evaporative casting method decreased from 740 S/m to 290 S/m
through addition of glycerin. This lowering of the conductivity suggests that glycerin
may affect the number of conducting pathways or the junctions in the nanotube
network.
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Table 8.2: Effect of preparation method and addition of glycerin (G) on the contact angle (θ)
and the conductivity (σ) of KC-CNT films prepared by evaporative casting (E1-4) and vacuum
filtration (B1-4) methods. CNT mass (Mf) and volume (Vf) fractions values are calculated using
Equations 7.2 and 7.3, respectively. The naming of the dispersions indicates the concentrations
of biopolymer, CNTs and glycerin, i.e. “KC05-MW01-G025” corresponds to dispersion with
KC, MWNT and G concentrations of 0.5% w/v, 0.1% w/v and 0.25% w/v, respectively.
Film
E1

Dispersion
KC 05 – MW 01

θ
64.5 ± 1.1

Mf
0.17

Vf
0.10

σ (S/m)
860 ± 160

E2

KC 05 – MW 01-G025

56.0 ± 1.1

0.12

0.07

500 ± 90

E3

KC 05 – SW 01

62.7 ± 1.1

0.17

0.13

740 ± 90

E4

KC 05 – SW 01 -G 025

50.9 ± 1.4

0.12

0.09

290 ± 50

B1

KC 015 –MW 003

76.9 ± 0.8

-

-

1640 ± 160

B2

KC 015 –MW 003 -G 0075

72.4 ± 0.8

-

-

1450 ± 170

B3

KC 015 – SW 003

79.5 ± 2.0

-

-

2540 ± 160

B4

KC 015 – SW 003 -G 0075

73.0 ± 0.8

-

-

1790 ± 190

8.4. Mechanical properties of films
The mechanical characteristics of the free-standing films prepared by evaporative
casting and vacuum filtration of KC-CNT dispersions are shown in Figure 8.7 and
Table 8.3. Sonication of KC solution prior to film formation reduced the mechanical
characteristics of these films, as discussed in section 3.8. The sonication-induced
reduction in the molecular weight resulted in films with reduced tensile strength (TS),
strain-at-break (γ) and Young‟s modulus (E) values [56].

The addition of CNTs resulted in increases in the TS, γ and E values for both MWNTs
and SWNTs compared to the corresponding values for the sonicated KC film (Table
8.3). This can be attributed to the mechanical reinforcement effect by incorporating
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CNTs in the polymer matrix [22, 40]. Films produced by evaporative casting method
exhibited lower E and TS values compared to films produced by vacuum filtration. In
contrast, films prepared via evaporative casting method exhibit higher strain-at-break
values than films produced by vacuum filtration. Hence, it is clear that films produced
by vacuum filtration are more robust and less ductile compared films prepared via the
evaporative casting method. This is due to the removal of some carrageenan during the
film-formation which results in a stronger but less brittle film.

Incorporation of a plasticiser (glycerin) resulted in a reduction in the E and TS values
but improved ductility. For example, the γ value for KC-MWNTs films with glycerin
prepared by evaporative cast method is 7.1% compared to 5.1% for the same film
without glycerin. This suggests that glycerin is a good material for improving the
mechanical handle-ability of these CNT composite films. These results are in good
agreement with previous observations [334].

Table 8.3: Summary of mechanical properties of composite films prepared by evaporative
casting (E1-4) and vacuum filtration (B1-4). Young‟s modulus (E), tensile strength (TS) and
strain-at- break (γ). E1-4 and B1-4 refer to composite films listed in Table 8.2.
Film
E1

E (MPa)
1414 ± 43

TS (MPa)
32 ± 4

γ (%)
5.1 ± 0.7

E2

1031 ± 40

21 ± 2

7.1 ± 0.8

E3

1640 ± 45

27 ± 3

3.3 ± 0.5

E4

434 ± 29

18 ± 2

4.8 ± 0.6

B1

2184 ± 77

36 ± 3

2.5 ± 0.6

B2

1142 ± 61

32 ± 3

4.0 ± 1.0

B3

2848 ± 81

44 ± 4

2.3 ± 0.8

B4

1228 ± 49

39 ± 3

4.5 ± 1.0
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Figure 8.7: Stress-strain curves for films with and without glycerin prepared via (a) evaporative
casting and (b) vacuum filtration methods.

8.5. Sensing properties of films
As described in section 2.3.12, the sensitivity (S) of films against humidified air, and H2
and CH4 gases was investigated by monitoring the resistance as a function of time
[335]:

(

)

where Ra and Rg represent the resistance of the film before and during exposure to the
target gas (humidified air, H2 and CH4), respectively. The sensitivity of the films to
humidity was investigated over a relative humidity change from 40% to 90%. All films
responded to the change in humidity, but it was not possible to detect any response after
exposure to H2 and CH4 gases at 25 °C (Figure 8.8).
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The KC-MWNT films displayed higher sensitivity to water vapour compared to the
corresponding KC-SWNT films. For example, the sensitivity of MWNT films was S =
70 ± 10% compared to S = 25 ± 5% for SWNT films. While the response/recovery
times were faster for MWNT films (50 s) compared to SWNT films (70 s).

The sensitivity was significantly reduced upon incorporation of glycerin, i.e. from S =
70 ± 10% to S = 20 ± 5% for MWNT composite films. Buckypaper films displayed
lower sensitivity values of ~17% (MWNT) and ~15% (SWNT), respectively. It is likely
that the observed differences in sensitivity can be attributed to the processing methods,
i.e. vacuum filtration process results in partial removal of KC as discussed above.

Figure 8.8: Response of KC-MWNT and KC-SWNT composite films to humidity change, H2
and CH4 gases (100 ppm in air) at operating temperature of 25 °C. Films prepared by (a)
evaporative casting and (b) vacuum filtration.
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8.6. Conclusion
In this chapter, rheological analysis was used to determine the optimised sonication
conditions, at an appropriate concentration (0.5% w/v), for dispersing SWNTs and
MWNTs using the biopolymer κ-carrageenan. It was shown that MWNTs required less
sonication compared to SWNTs, i.e. a lower amount of energy input. Rheological
analysis revealed that that an increasing amount of sonolysis reduced the flow
characteristics (viscosity) of KC solutions, while the addition of CNTs increased
viscosity.

KC-MWNT films prepared by an evaporative casting process displayed higher
conductivity compared to KC-SWNT films. As expected, the conductivity of all
buckypaper films was higher than films prepared by evaporative casting. It was
observed that incorporating CNTs in the polymer matrix resulted in an increase in the
values of the mechanical properties. The addition of a plasticizer (glycerin) improved
the mechanical handle-ability, but at a cost in electrical conductivity. Buckypaper films
displayed superior electrical and mechanical characteristics (bar ductility) over
evaporative cast films, but they are less sensitive to changes in the humidity. MWNT
films exhibited sensitivity to humidity as high as of 70%, easily outperforming SWNT
films. None of these films were found to respond to H2 or CH4 gases.
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CARBON NANOTUBE COMPOSITE
DISPERSIONS

INKJET AND EXTRUSION PRINTING OF
9 CARBON NANOTUBE COMPOSITE
DISPERSIONS
This chapter investigates processing the IC-CNT dispersions developed in chapter 7
using two printing technologies: inkjet and extrusion printing. Composites inks
containing CNTs (MWNT and SWNT) and dispersants (IC and glycerin) were prepared
using sonication, which were then characterised using a rheometer. The printed tracks
were characterised using spectroscopy, surface morphology and electrical conductivity.
Part of this chapter is based on: Aldalbahi, A. and in het Panhuis, M., Inkjet printed
conducting gel-carbon nanotube materials, in Optoelectronic and Microelectronic
Materials and Devices (COMMAD). 2010, IEEE: Canberra. p. 143-144.

9.1. Inkjet printing of IC-CNT composite dispersions
Composite inks of IC-MWNT and IC-SWNT were prepared as outlined in section
2.2.10. These inks were printed into rectangular patterns (one layer, 17 mm × 60 mm)
onto glass (microscope slide) and free-standing IC film (thickness = 45 µm) substrates
using an inkjet printer custom-built at the University of Wollongong, as described in
section 2.2.10.

9.1.1. Rheology of composite inks
The flow curves of the IC-CNT inks were examined to gain insight into the flow
behaviour of the inks which were intended for inkjet printing. This was performed using
the rheometer as described in section 2.3.2. It is well known that the viscosity plays an
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important role in this printing process. The recommended range for good jetting with
this custom-built inkjet printer was 7-24 mPa.s (at shear rate 100 s-1). Viscosities higher
than this range would lead to clogging the nozzles of the printhead, whereas lower
viscosities would impede the flow due to the piezoelectric mechanism used to eject the
inks [69].

As was discussed in section 1.1.3, the flow properties of the inks are important to
understand how the ink is being jetted through the printhead. The flow curves of ICMWNT and IC-SWNT composite inks are shown in Figure 7.6 and Table 7.1 in section
7.3. Both inks displayed shear thinning behaviour, i.e. the apparent viscosity decreases
with increasing shear rate. The apparent viscosity for IC-MWNT ink (shear rate 100 s-1)
was higher than that of IC-SWNT ink, i.e. 10.7 mPa.s versus 9.2 mPa.s.

9.1.2. Spectroscopy of printed tracks
UV-vis-NIR spectroscopy of the inkjet printed patterns (17 mm × 60 mm) of IC-SWNT
and IC-MWNT onto glass and free-standing IC substrates (prepared by evaporative
casting at 35 oC of 0.8% w/v IC solution) was measured (Figure 9.1). The printed
structure on glass showed higher absorbance compared to those printed onto IC films,
and therefore higher optical transparency. For example, the transmittance values (at 550
nm) for IC-MWNT on glass and gel substrates are 74% and 88%, respectively. ICMWNT printed tracks were more transparent than IC-SWNT tracks. For example, on IC
film the transmittance (at 550 nm) values of IC-MWNT and IC-SWNT inks were 88%
and 79%, respectively (Figure 9.1a).
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Figure 9.1: (a) Transmittance spectra of IC-MWNT and IC-SWNT inks printed on glass slides
and IC films and (b) UV-vis absorption spectra of these composite inks.

9.1.3. Morphology of printed tracks
SEM and optical microscopy techniques were used to examine the surface morphology
as described in section 2.3.6. Figure 9.2 shows that deposition onto an absorbing IC
substrate resulted in a different morphology compared to the glass substrate. Optical
microscopy (Figure 9.2b) revealed that the pattern on the gel substrate is not
continuous; rather it consists of discreet lines.

SEM images of the printed tracks of IC-CNT inks (Figure 9.2c and d) show a rough
surface morphology when printed onto glass slides with visible CNT networks. In
contrast, printing onto a gel substrate resulted in a smooth surface morphology,
suggesting that the CNTs are embedded into the IC film. The difference in appearance
is related to difference in the substrates, IC is absorbing whereas glass is not (Figure
9.2d).
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Figure 9.2: Optical (left) and scanning electron microscopy (right) images of printed patterns
on glass (a and c) and IC (b and d) substrates, respectively.

The effect of the ink spreading wider on the glass slide compared to on the IC film
substrate, which was observed in Figure 9.2a and b, may be attributed to the different
contact angles associated with the substrates. To measure this effect, water droplets
were placed on each substrate and contact angle measurements were obtained as
described in section 2.3.6. The contact angle is much lower for water droplets on glass
compared to that on IC films i.e. 22 ± 1.8o and 55 ± 2.1o, respectively (Figure 9.3). This,
along with the absorbent nature of the IC substrates, accounts for the discreet lines
observed in Figure 9.2b. This phenomenon has been observed previously on other
biopolymer substrates such as chitosan [64].
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Figure 9.3: Contact angle measurement for water drops on (a) glass slides and (b) IC film
substrates.

9.1.4. Electrical conductivity of printed tracks
The conductivity of the printed patterns on glass slides and IC films was measured
using methods described in section 2.3.5. All printed patterns exhibited linear I-V
characteristics, which indicate Ohmic behaviour (Figure 9.4a). The I-V plots obtained
for IC-CNT patterns on a glass slide using five different track lengths are shown in
Figure 9.4a.

Resistance measurements support the fact that the IC substrate is absorbing the printed

pattern. For example, the resistance of printed MWNT materials on the gel substrate
(39.42 kΩ/cm) is 4 times higher than those printed onto the solid substrate (9.85 kΩ/cm,
Figure 9.4b). Furthermore, this increased resistance may also be related to the higher
contact angle for the IC substrate (Figure 9.3) which resulted in a discontinuous printed
track. This discontinuity could result in a decrease in the flow of electrical charge. The
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spreading effect of the composite inks on the glass slide substrate results in smoother
printed patterns which hence yield a lower resistance.

To calculate the conductivity values, the cross-sectional area of the printed tracks was
required and can be measured from the area under the profilometry curves (Figure 9.5).
It should also be noted that, both IC-MWNT and IC-SWNT printed patterns had the
same cross-sectional area (44548 and 44280 µm2, respectively); this could suggest that
it is the substrate and dispersant which dictates substrate wetting, rather than the type of
CNT. Conductivity values of 22 ± 3 S/m and 3 ± 0.2 S/m were recorded for IC-MWNT
and IC-SWNT printed onto glass slide substrates, respectively.

Figure 9.4: (a) I-V plots obtained using five different lengths of IC-SWNT patterns printed on
glass slides. (b) Resistance vs. length for inkjet printed patterns of IC-SWNT on glass substrate
(triangles), IC-MWNT on glass substrate (diamonds) and IC-MWNT on free-standing IC film
substrate (squares). The straight lines are fits to Equation 2.1.
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Figure 9.5: Profilometry curves of printed patterns IC-MWNT and IC-SWNT on glass slides.
Area under the curve represents the cross-sectional area.

However, inkjet printing has limitations associated with ink rheology as discussed in
section 1.1.4.1. Extrusion printing is an alternative method which may be used to print a
larger range of viscosities (although at a cost in printing resolution). This method allows
for deposition of larger volumes through replaceable parts.

9.2. Extrusion printing composite dispersions
Composite inks of IC-MWNT and glycerin-MWNT (G-MWNT) were prepared as
outlined in section 2.2.11. This would allow for the comparison between the extrusion
of inks which are non-Newtonian (IC) and Newtonian (glycerin). To examine the effect
of using a Newtonian fluid, glycerin was used as a dispersant for MWNTs. Conductive
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tracks of these inks were deposited onto glass (microscope slide), PET and IC film
(thickness = 45 µm) substrates using a custom-built syringe extrusion printer.

9.2.1. Rheology of composite inks
The flow characteristics of the composite inks were studied prior to the printing process.
As with inkjet printing, there are certain requirements for the viscosity of the ink; these
requirements are set by the printing apparatus. Compared to the inkjet printing
apparatus a much higher viscosity was required. For this reason, unsonicated IC was
added to composite dispersions to increase the viscosity after sonication was completed.
Further thickening of the dispersion was performed by evaporation of the water using an
oven as described in section 2.2.11.

Flow curves were measured for each ink in order to gauge the viscosity and the effect of
sonication and addition of (unsonicated) dispersant (Figures 9.6, 9.7 and Table 9.1). As
expected, the viscosity was decreased due to sonication and increased 4-fold upon
addition of (unsonicated) dispersant. Furthermore, the decrease in apparent viscosity
and consistency and the increase in the power law index values due to sonication
(discussed in section 7.3) were reversed through addition of (unsonicated) dispersant.

The thickening process resulted in a 230-fold increase in the apparent viscosity (at shear
rate 100 S-1) of the IC-MWNT ink (Figure 9.6a) and a 90-fold increase for G-MWNT
ink (Figure 9.7a). Furthermore, the thickening process increased the „consistency‟ of the
dispersion from 172 ± 1 to 70387 ± 49 mPa.sn and reduced the power index value from
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0.83 to 0.21. This suggests that the ink is becoming thicker (K increases) and more
shear-thinning (n decreases).

The Bingham parameters were also increased due to this thickening process (Table 9.1).
As with IC-MWNT ink, the G-MWNT ink had a dramatic increase in the consistency
and power law index, i.e. a 26-fold and 8-fold increase, respectively, which resulted in a
thicker and more shear-thinning ink. Previously in section 8.2, it was shown that
glycerin is a Newtonian fluid (n~1) indicating that its viscosity is independent of shear
rate. The addition of MWNTs imparts shear-thinning behaviour, the ink becomes nonNewtonian.

Figure 9.6: Flow curves for IC solution and IC-MWNT dispersions. (a) Apparent viscosity and
(b) Shear stress as a function of shear rate for IC-MWNT ink after thickening process, IC
solution (1.5% w/v), IC-MWNT after addition of unsonicated biopolymer and IC-MWNT
composite dispersion. Lines in (a) and (b) are fits to Equations 3.3 and 3.4, respectively. All
samples were measured at 21 °C.
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Figure 9.7: Flow curves for glycerin and G-MWNT dispersions. (a) Apparent viscosity and (b)
Shear stress as a function of shear rate for G-MWNT ink after thickening process, undiluted
glycerin, G-MWNT dispersion and diluted glycerin. Lines in (a) and (b) are fits to Equations 3.3
and 3.4, respectively. All samples were measured at 21 °C.

Table 9.1: Summary of rheological analysis at a shear rate range of 10-100 s-1 and 21 °C for
printed IC-MWNT and G-MWNT inks. Concentrations of IC, CNT and G are 1.5% w/v, 0.10%
w/v and 0.38% w/v, respectively Consistency (K) and power law index (n) values were obtained
through curve fitting with the power law model (Equation 3.3). Bingham yield point ( B) and
Bingham flow coefficient (B) values were obtained using the Bingham model (Equation 3.4).
sample

K (mPa.sn)

n

 (Pa)

 (Pa.s)

IC

585 ± 2

0.74 ± 0.01

2.60 ± 0.13

0.152 ± 0.002

IC-MWNT

60.90 ± 1.93

0.75 ± 0.01

0.22 ± 0.01

0.018 ± 0.001

IC-MWNT+IC
IC-MWNT ink

172.19 ± 0.36
70387 ± 49

0.83 ± 0.01
0.21 ± 0.02

0.73 ± 0.04
128.79 ± 0.83

0.071 ± 0.001
0.640 ± 0.013

G

1320 ± 0.1

0.99 ± 0.01

0.19 ± 0.02

1.314 ± 0.002

Water-G

70.15 ± 0.84

0.34 ± 0.02

0.15 ± 0.01

0.002 ± 0.001

G-MWNT

1474 ± 17
37965 ± 45

0.04 ± 0.02
0.32 ± 0.01

1.38 ± 0.01
85.05 ± 0.98

0.005 ± 0.001
0.918 ± 0.016

G-MWNT ink

9.2.2. Morphology of extrusion printed tracks
The composite inks (Figure 9.8a) were processed into solid conducting patterns by
extrusion printing them onto various substrates including microscope glass slides, PET
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sheets and IC films as described in section 2.2.11. An example of IC-MWNT inks
printed onto each substrate is shown in Figure 9.8b-d.

Figure 9.8: Photographs of IC-MWNT inks: (a) In syringe prior to printing, (b-d) printed tracks
on glass (1,2 and 3 layers thick), IC (2 layers) and PET (2 layers) substrates, respectively.

The surface morphology of the printed tracks was examined by using microscopy and
profilometry. Figure 9.9a-c, shows that the width of printed tracks increases with the
number of layers. For example, the width of the printed patterns increased from 866 ±
11 µm for one layer to 974 ± 15 µm for two layers of IC-MWNT composite ink.
However, upon printing two layers of the composite inks on the three different
substrates (Figure 9.9d-f); the width is visibly decreased from glass (974 ± 18 µm) to
PET (567 ± 12 µm) to IC film (298 ± 8 µm) substrates. This corresponds with the
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increasing contact angles observed in section 9.1.3 along with the absorbing nature of
the IC film substrate (Figure 9.2d).

Figure 9.9: Microscopy images of IC-MWNT printed tracks: (a-c) 1-3 printed layers on
microscope glass substrates and (d-f) 2 printed layers on glass, PET and IC films substrates,
respectively.

Profilometry (Figure 9.10a) revealed that increasing the number of extruded layers
resulted in an increase in the cross-sectional area, i.e. 1416 ± 80 µm2, 2541 ± 160 µm2
and 3200 ± 200 µm2 for 1, 2 and 3 layers, respectively. Furthermore, Figure 9.12b
shows the profilometry curves of 2 layers of IC-MWNT composite inks printed on
glass, PET and IC film substrates. It is observed that, the printed patterns on IC film
substrates exhibited lower cross-sectional area compared to the solid substrates i.e. 2108
± 98 µm2 (IC film) compared to 2541 ± 154 µm2 (glass). This is attributed to part of the
printed track laying below the IC film surface. In addition, due to the difference in
hydrophilicity of glass, PET and IC film substrates (water-substrate contact angles 22 ±
1.8o, 34 ± 1.0o and 55 ± 2.1o, respectively) (Figure 9.11), it can be seen that the extruded
tracks are becoming higher but narrower.
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Figure 9.10: Profilometry curves of printed patterns IC-MWNT (a) 1-3 printed layers onto
microscope glass substrates and (b) 2 printed layers onto glass, PET and IC films substrates,
respectively. Area under the curve represents the cross-sectional area.

Figure 9.11: Contact angle measurement for water drops on (a) glass slides, (b) PET and (c) IC
film substrates.

Increasing the number of printed layers of G-MWNT inks onto glass substrate (Figure
9.12 a-c), also increased the width of the tracks. For example, from 1 layer to 3 layers,
the track width increased from 681 ± 9 µm to 825 ± 6 µm. In addition, the crosssectional area also increased from 619 ± 12 µm2 to 752 ± 14 µm2 (Figure 9.12 d-f).

When these G-MWNT inks were printed on the different substrates (glass, PET and IC
film substrates), similar behaviour to the IC-MWNT patterns was observed i.e. the
width decreases from 681 ± 9 µm to 625 ± 12 µm to 229 ± 7 µm for glass, PET and IC
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film, respectively, (Figure 9.13a-c). Cross-sectional profiles of G-MWNT printed onto
glass, PET and IC film were measured (Figure 9.13d-f) and the cross-sectional areas are
619 ± 12 µm2 , 438 ± 13 µm2 and 764 ± 19 µm2, respectively. Data shows that the
height of the track on the IC film substrate was 4 times greater than that observed for
the glass substrate (6 and 1.5 µm, respectively). This discrepancy is related to the
difference in contact angle between the two substrates which was seen in Figure 9.11
and the absorbing nature of the IC substrate, as mentioned previously.

As can be seen for the printed G-MWNT inks on IC film substrate (Figure 9.13f), there
appears to be a coating of water around the extruded track. This could be due to the
effect of water absorbance from the substrate to the ink. This may lead to the increase in
the cross-sectional area (764 ± 19 µm2), observed in Figure 9.13f.

Figure 9.12: (a-c) Microscopy images of G-MWNT printed tracks 1, 2 and 3 printed layers on
glass substrate. (d-f) Profilometry curves for 1, 2 and 3 layers of printed G-MWNT tracks on
glass substrate. Area under the curve represents the cross-sectional area.
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Figure 9.13: (a-c) Microscopy images and (d-f) profilometry curves of G-MWNT one printed
layer on glass, PET and IC film substrates, respectively. Area under the curve represents the
cross-sectional area.

The SEM images of IC-MWNT and G-MWNT printed tracks onto the various
substrates are shown in Figures 9.14 and 9.15, respectively. As was expected, there is a
significant difference in the surface morphology between the two types of printed inks.
MWNTs are clearly visible in the tracks printed with glycerin ink, whereas the
biopolymer coated the surface of the nanotubes.

Figure 9.14d and 9.15f show cross sections of the IC-MWNT and G-MWNT printed
tracks onto an IC film substrate, respectively. Part of the ink is visibly embedded into
the surface of the IC film substrate. This phenomenon has been previously observed for
composite inks printed onto a similar biopolymers substrate (chitosan and gellan gum)
[64, 65].
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Figure 9.14: SEM images of IC-MWNT extruded patterns onto (a) glass, (b) PET sheet and (c)
IC film substrates. (d) Cross-sectional view of IC-MWNT tracks printed onto IC film substrate.
The red line indicates interface between track and the substrate.

Figure 9.15a-b revealed that the edge of the tracks on glass appear to be fractured or
discontinuous, whereas the G-MWNT inks printed on PET appear to results in smoother
tracks. This may be attributed to the difference in of the two substrates hydrophobicity
(Figure 9.11), which leads to a less wetting on PET compared to glass.
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Figure 9.15: SEM images of G-MWNT extruded patterns onto (a and c) glass, (b and d) PET
sheet and (e) IC film substrates. (f) Cross-sectional view of G-MWNT tracks printed onto IC
film substrate. The red line indicates interface between track and the substrate.

9.2.3. Electrical conductivity of printed tracks
Electrical resistance measurements were obtained for IC-MWNT and G-MWNT tracks
on various substrates (glass, PET and IC film). The I-V characteristics were investigated
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under controlled conditions (21 oC, RH = 45%). All extruded tracks exhibited linear I-V
characteristics indicating Ohmic behaviour (Figure 9.16).

Figure 9.16: Current-voltage (I-V) plots obtained using five different lengths for (a) IC-MWNT
and (b) G-MWNT inks printed on glass substrate.

Increasing the number of printed layers resulted in a decrease in the electrical resistance
i.e. the track resistance decreased from 725 kΩ/cm for 1 layer to 183 kΩ/cm for 3 layers
(Figure 9.17). This is a well known effect as increasing the CNT concentration by
overprinting increases the number of electrical pathways which decreases the resistance
[63, 67, 78]. It should also be noted that, the contact resistance decreased by an order of
magnitude when the number of printed layers was increased from 1 to 3. This could be
attributed to an increase in the electrode-film contact area.
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Previously it was found that, the resistance of printed patterns is substrate-dependent
[65, 68]. By changing the substrate on which 2 layers of IC-MWNT inks were printed
from glass to IC film, the resistance increased from 353 kΩ/cm to 872 kΩ/cm,
respectively. This increase can be explained using the SEM images (Figure 9.15f),
which revealed that part of the printed track lay beneath the surface of the IC film
substrate. Similar observations for increasing the number of layers and for changing the
substrate (Figure 9.18a-d) were obtained for G-MWNT extruded tracks.

Figure 9.17: Resistance vs. length for extruded patterns of IC-MWNT ink. (a) 1-3 printed
layers onto microscope glass substrates, (b) sample resistance of 1-3 printed layers on
microscope glass substrates, derived from the slope of the lines in (a). (c) Resistance vs. length
for extruded 2 layers patterns on glass, PET and IC films substrates. (d) Sample resistance of the
tracks printed onto different substrates, derived from the slope of the lines in (c). The straight
lines are fits to Equation 2.1.
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Figure 9.18: Resistance vs. length for extruded patterns of G-MWNT ink. (a) 1-3 printed layers
on microscope glass substrates and (b) sample resistance of 1-3 printed layers on microscope
glass substrates, derived from the slope of the lines in (a). (c) Resistance vs. length for 2 printed
layers on glass, PET and IC films (inset) substrates. The inset in (b) is present due to the vast
different in y-axis values. (d) Sample resistance of the tracks printed onto different substrates,
derived from the slope of the lines in (c). The straight lines are fits to Equation 2.1.

The conductivity of the extruded tracks was evaluated as described in section 2.3.5, and
are shown in Table 9.2. As expected, the conductivity was found to increase from 9 ± 1
S/m to 17 ± 3 S/m when the number of extruded layers of IC-MWNT composite ink on
glass substrate was increased from 1 to 3. This trend was also observed in previous
studies with printing CNT composite inks [62, 67].

It was also found that, the substrate played an important role in electrical conductivity
of extruded tracks (Table 9.2). For example, changing the substrate from glass to an IC
free-standing film, results in a decrease in conductivity by 55% for 2 extruded layers.
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This effect of increasing the conductivity by increasing the number of layers is in
agreement with previous research [64, 65].

The conductivity of G-MWNT was found to be three orders of magnitude larger than
that of IC-MWNT, i.e. 3400 S/m. This could be attributed to the molecular weight
difference between IC biopolymer (350,000-800,000 g/mol) and glycerin molecules
(92.09 g/mol). The IC biopolymer results in an almost entirely coated MWNT network;
hence the conductivity was reduced because of its electrical insulating nature, as
discussed in section 7.4. The difference in CNTs coating between IC and glycerin is
clearly visible in the SEM images (Figures 9.14 and 9.15).

Table 9.2: Summary of electrical conductivity (σ) values of IC-MWNT and G-MWNT
composite inks extruded on various substrates (glass, PET and IC film).
Substrate

σ (S/m)

Ink

Number of layer

IC-MWNT

1

glass

9±1

IC-MWNT

2

glass

11 ± 2

IC-MWNT

3

glass

17 ± 3

IC-MWNT

2

PET

8±1

IC-MWNT

2

IC film

5±1

G-MWNT

1

glass

2942 ± 84

G-MWNT

2

glass

3095 ± 71

G-MWNT

3

glass

3384 ± 85

G-MWNT

1

PET

2679 ± 90

G-MWNT

1

IC film

24 ± 6
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9.3. Conclusion
Inkjet and extrusion printing methods were used to fabricate conducting patterns of
MWNT composite dispersions. Inkjet printing provided finer resolution compared to
extrusion printing, however the latter gave tracks of higher electrical conductivity due
to the higher deposition rate. It was found that the substrate materials played an
important role in the width and cross-sectional area of the printed tracks. Solid
substrates (glass) resulted in a larger width and cross sectional area compared to the
narrower but higher tracks printed onto IC films. This is due to the absorbing nature of
the IC film and the difference in hydrophobicity between the substrates.

By studying the rheology of each composite ink, it was possible to adjust the viscosity
to be in a suitable range for the different printing methods. By adjusting the viscosity of
IC-MWNT and IC-SWNT composite inks (at shear rate 100 s-1) to 10.7 and 9.2 mPa.s
respectively, the ink was successfully jetted. In contrast, extrusion printing required that
IC-MWNT and G-MWNT composite inks had higher viscosities and therefore a
thickening process was used to increase the viscosities to 1880 and 1720 mPa.s,
respectively.

The electrically conducting tracks produced by extrusion printing, using IC and glycerin
as dispersants, were compared. The conductivity of IC-MWNT tracks was 9 ± 1 S/m
compared to 2942 ± 84 S/m for G-MWNT tracks printed onto a glass substrate, one
layer thick. This increased conductivity was attributed to the lesser degree of CNT
coating in the G-MWNT matrix observed using SEM images. The nature of the

231

9

Inkjet and Extrusion Printing of Carbon Nanotube Composite Dispersions
substrate was found to affect the electrical conductivity of printed patterns. A two
orders of magnitude increase was observed for the conductivity of G-MWNT printed
onto glass substrate compared to IC film substrates. This method of extrusion printing
Newtonian fluid to produce CNT conducting tracks has not been reported previously.
The obtained conductivity (3400 S/m) is approaching the upper limit of MWNT films
(~5500 S/m) which is an impressive result.
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10.1. Conclusions
The general aims of this thesis were to synthesise, characterise and examine the use of
the biopolymers ι-carrageenan and κ-carrageenan as components of composite
materials. The dual role of the carrageenans as a dopant for conducting polymers and a
dispersant for carbon nanotubes was investigated. Additionally, methods of wetprocessing the carrageenan-CNT dispersions, using film formation and printing, were
performed and the physical properties of the composite materials were then studied. The
suitability of these materials as electrodes was also assessed.

Two types of biopolymer, ι-carrageenan (IC) and κ-carrageenan (KC) were employed as
dopants for polyaniline and polypyrrole conducting polymers and also as dispersant for
single and multi walled CNTs. Four wet-processing techniques were used to
successfully produce composite films, i.e. evaporative casting, vacuum filtration, inkjet
printing and extrusion printing.

Initially, the concentration and temperature of aqueous IC and KC solutions were
optimised through rheological and spectroscopic analysis with a view to their future use
in dispersing CNTs and printing conducting tracks (chapter 3). Due to sonolysis being
required for the CNT dispersion process, the effect of sonication upon the rheological
properties of IC and KC solutions along with the surface morphology and mechanical
properties of their cast films was investigated. This thesis has shown that the viscosity
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of the solutions and mechanical properties of the films can be decreased by adjusting
the length of sonication time (chapter 3).

The ability of IC and KC to act as a dopant when included during the chemical
polymerisation of polyaniline (PANi) (chapter 4) and polypyrrole (PPy) (chapter 5) as
well as the electrochemical polymerisation of PPy (chapter 6) was evaluated. These
chapters showed that PANi-IC and PANi-KC films have similar conductivity values
despite different relative amounts of PANi and IC being present in the films. In
addition, IC and KC also acted as dispersants for the incorporation of MWNTs with
PANi, which resulted in a 5-fold increase in electrical conductivity but did not affect the
electroactivity of PANi (chapter 4). By using IC or KC simultaneously as a dopant for
PPy synthesis and as a dispersant for MWNTs, it was shown that the presence of
MWNTs in PPy-IC films exhibited higher conductivity compared to the PPy-KC films.
Additionally, PPy-IC films were found to be more ductile but not as strong as PPy-KC.
The incorporation of MWNTs into these films reduced the ductility but increased tensile
strength and thermal stability (chapter 5). PPy was synthesised electrochemically using
IC and KC as an untreated dopant and one that had been dialysed. It was found that
purification of biopolymers reduced the electrical conductivity while the mechanical
properties were improved (chapter 6). Contrary to the PPy films produced by chemical
polymerisation using IC and KC as a dopant, which began to decompose at 120 oC;
using electrochemical polymerisation improved the thermal stability of PPy films,
which did not decompose until 200 oC. Therefore, it is clear that the thermal stability of
PPy films is influenced by the polymerisation method.
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Single- and multi-walled CNTs were dispersed using IC (chapter 7) and KC (chapter 8)
in order to create composite films prepared using evaporative casting and vacuum
filtration processing methods. The sonication conditions for dispersing CNTs were
optimised for each type of carrageenan using microscopic and spectroscopic methods to
show that changing the dispersant type did not affect the required sonication energy.
The electrical conductivity and mechanical strength of each type of carrageenan-CNT
film was assessed. It was shown in this thesis that the electrical properties of the
composite materials are governed by the relative amounts of mass (or volume) of CNTs
and biopolymer, while the mechanical properties are determined by absolute amounts of
mass (or volume) (chapter 7).

The incorporation of a Newtonian fluid, glycerin, to the KC-CNT dispersions was
investigated to show that the electrical conductivity of films prepared from KC-CNT-G
dispersions decreased while the mechanical flexibility increased (chapter 8). It was also
demonstrated that these films may be used as humidity sensors; however, the sensitivity
was much lower for films prepared by vacuum filtration than for evaporative casting.
This sensitivity was significantly reduced upon the incorporation of glycerin (chapter
8).

Fast and straight-forward methods for the fabrication of composite CNTs patterns were
assessed using inkjet and extrusion printing (chapter 9). It was found that inkjet printing
provided finer resolution whereas extrusion printing gave tracks of higher electrical
conductivity due to the higher deposition rate. The nature of the substrate was found to
affect the electrical conductivity of printed patterns. Extrusion printing CNTs in
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glycerin produced highly electrical conducting tracks which approached the upper limit
of MWNT films (chapter 9).

Throughout this thesis the synthesis and fabrication of a number of composite materials
were investigated, some of which were electroactive. Of the materials developed, the
one which performed best as a direct current electrode was the buckypaper produced
from the ι-carrageenan and single-walled carbon nanotube dispersion using vacuum
filtration.

In summary, this work has furthered the knowledge available on carrageenan and its
applications. Carrageenans were shown to be useful as dopants for conducting polymers
and can simultaneously act as dispersants for CNTs, as well as behaving as rheological
thickeners for printing. In addition, this research contributes to the development of
conducting materials embedded in biopolymers, which could function as flexible,
biocompatible conductors for implanted sensors, controlled drug delivery systems and
other devices.

10.2. Further Work
The initial research aims outlined in chapter 1 have been achieved. Throughout this
thesis, extensive characterisation was performed on composite materials produced using
a range of different processing methods. This characterisation demonstrates that
carrageenan composite materials exhibit electrical and mechanical properties making
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them suitable for future applications. However, there are many promising research areas
still to be pursued:



Firstly, carrageenan can potentially be used as a dopant for a wide range of other
conducting polymers. This could lead to further development of their electrical
and mechanical properties.



Secondly, other conducting fillers (i.e. graphene) could be dispersed using
carrageenan to enabling fabrication of a host of composite conducting materials.



Thirdly, the printing methods investigated in this work could be used for
processing conducting polymers such as polyaniline and polypyrrole doped with
carrageenan.



Finally, the printing of composite materials into conducting tracks could be
adapted for the fabrication of intricate circuits for flexible electronic devices.
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